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Abstract  of  the  Thesis 


A  Surface  Analytical  study  of  the  Attachment  of  Bacteria  to  Metal  Sur&ces 

by 

Genn  Edward  French 
Master  of  Science 
in 

Materials  Science  and  Engineering 
State  University  of  New  York  at  Stony  Brook 
1998 


The  attachment  of  microbiolo^cally  produced  organic  adds  and 
exopolymers  to  stainless  steel  was  investigated.  The  organic  acids  investigated 
were  lactic,  oxalic  and  citric  acid  (a  metabolic  product  of  fungi)  and  an  exopolymer 
extracted  from  the  marine  bacterium  Delaya  marina.  Although  organic  adds  tend 
to  be  weak  adds  and  have  a  relatively  low  ionic  conductivity  they  are 
environmentally  common  and  the  effects  on  corrosion  of  such  acids  are  poorly 
understood.  The  reactivity  and  ubiquitous  nature  of  lactic  acid  provides  significant 
interest  to  the  microbial  corrosion  field  and  the  food  industry.  In  a  bacterial 
consortium,  lactic  add  is  consumed  by  some  bacteria  and  generated  by  others. 
Lactic  acid  is  also  common  in  the  food  industry,  where  its  reactivity  may  cause 
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health  hazards  by  leaching  of  elements  from  the  protective  films  of  metals  used  in 
the  food  preparation,  transport  or  storage. 

For  this  inquiry  the  surface  of 304  stainless  steel  was  probed  by  performing 
electrochemical  polarization  in  an  aqueous  O.IM  HCl  solution.  A  modification  of 
the  304  stainless  steel  passivation  behavior  in  the  O.IM  HCl  was  observed  when 
the  steel  under  went  prior  exposure  to  lactic  add  prior  to  the  potentiodynamic 
polarization.  The  steel  surface  was  analyzed  using  x-ray  photoelectron 
spectroscopy  (XPS)  to  study  the  chemical  composition  of  the  passive  film.  It  was 
determined  that  the  mechanism  by  which  the  lactic,  oxalic  and  dtric  adds  alters 
the  steel  passivity  was  a  combination  of  iron  oxide  dissolution  and  bonding  of  the 
organic  acids  to  the  surface.  The  dissolution  was  confirmed  using  Inductively 
Coupled  Plasma  -  Atomic  Emission  Spectroscopy  (ICP-AES). 

Additionally  the  effect  of  citric  acid  on  the  corrosion  of  304  stainless  steel 
in  the  presence  and  absence  of  light  was  examined.  The  presence  of  light  was 
found  to  accelerate  the  dissolution  of  the  iron  oxides  and  increase  the  amount  of 
chromium  hydroxides  in  the  passive  film.  The  Cls  XPS  spectra  showed  evidence 
of  the  presence  of  organic  carboxylates  bound  to  the  surface. 

Coupons  of  304,  A16x  stainless  steels,  aluminum  alloy  2024-T3  and  a  high 
molybdenum  stainless  steel  coating  produced  by  Jet  Vapor  Deposition™  (JVD™) 
were  exposed  to  Desulfovihrio  desulfuricans  in  Postgate's  growth  media  C  for  5 
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days.  FoUowing  exposure,  the  growth  of  the  bacteria  was  examined  by  directly 
counting  the  cells  to  determine  if  the  various  concentrations  of  molybdenum  in  the 
alloys  had  any  effect  on  the  Sulfate  Reducing  Bacteria  (SRB)  growth  rate. 
Additionally  the  inoculated  and  uninoculated  Postgate  growth  media  was  analyzed 
by  ICP-AES  for  Cu,  Al,  Mg,  Fe,  Ni,  Cr  and  Mo  to  determine  what  if  any  alloy 
elements  are  dissolved  or  sequestered  by  the  bacteria.  The  uninoculated  growth 
media  to  which  the  AA2024  coupon  was  exposed  contained  aluminum,  but  the 
coupon  in  the  SRB  inoculated  media  did  not.  The  A16x  coupons  which  were 
exposed  to  the  growth  media  only  showed  dissolved  molybdenum  in  the  media,  but 
not  the  coupons  exposed  to  the  SRB 
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I  Introduction 


1.0  Microbiologically  Influenced  Corrosion  (MIC) 

There  are  various  stages  of  microbial  infestation  and  corrosion  as 
illustrated  in  figure  l‘.  The  first  step  is  the  conditioning  film,  ^ch  is  the  focus  of 
this  research.  The  second  step  is  the  reversible  assodation  where  the  extracellular 
polymers  and  proteins  attach  to  the  surface.  Irreversible  adhesion  occurs  when  the 
microbial  cells  attach  to  the  surface,  then  multiply.  Other  types  of  bacteria  may 
join  the  colony  to  eventually  form  a  biofilm.  Finally  sloughing  (fi'agments  breaking 
fi-om  the  biofilm)  can  occur  allovring  rapid  colonization  of  the  pipe  further  down 
stream.  It  is  the  peripheral  drag  which  slows  the  flow  rate  near  the  walls  of  the 
pipe  which  allows  microbial  infestation  to  occur. 

The  extracellular  polymer  or  exopolymer  performs  the  fiinction  of 
attaching  the  microbe  to  the  substrate  and  acts  as  an  ion  sequestering  mechanism 
either  to  prevent  the  microbes  fi'om  being  exposed  to  toxic  ions  or  to  capture  a 
food  source.  The  colony  consists  of  many  different  types  of  microbes  fomung  a 
microbial  consortium  where  the  nucrobes  of  one  type  may  metabolize  waste 
products,  such  as  lactates,  of  other  microbes  and  so  on.  Bacterial  colonization 
correlates  to  sustdned  localized  corrosion  such  as  pitting  rather  than  general 
corrosion,  hence  preventing  or  limiting  repassivation.^’^’*  In  addition  to  aiding 


1 


metallic  corrosion,  fon®  and  bacteria  have  been  observed  to  degrade  polymers, 
polymeric  composites  and  fiber  ranforced  composites.**’’* 

1.01  Organic  Acids 

The  conditioning  film  consists  of  microbially  produced  adds  and 
exopolymers.  The  organic  adds  studied  conasted  of  lactic  add,  oxahc  add  and 
dtric  acid.  Lactic  acid  was  chosen  for  this  research  not  only  for  the  feet  that  it  is 
consumed  by  Sulfate  Reducing  Bacteria  (SRB)  and  is  used  in  the  Postgates 
growth  media  C®  (table  1),  but  also  for  the  ubiquitous  nature  of  lactic  acid 
producing  bacteria  (table  2  lists  the  locations  the  bacteria  have  been  found  to 
exist).  Lactic  acid  is  a  universal  metabolite  consumed  by  some  types  of  bacteria 
and  produced  by  others.*®  Lactic  acid,  as  many  organics,  is  known  to  react  vrith 
itself,  by  hydrolysis  of  the  carboxylic  and  hydroxyl  groups  of  two  separate 
molecules,  to  form  other  organic  materials  such  as  esters  and  ring  structures.** 
Oxalic  acid  is  produced  by  Lichens  (symbiotic  colonies  of  algae  and  fungi)  which 
use  oxaUc  acid  to  extract  nutrients  fi-om  stone  and  minerals  by  organic-metal 
complex  formation.  *^^***^  The  ability  of  the  oxalic  acid  to  remove  metals  fi’om 
materials  as  stable  as  enwonmentally  exposed  stone  surfaces  makes  this  organic 
acid  important.  Citric  acid  is  also  a  naturally  occurring  acid  and  produced  by 
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fungi**  as  well  as  an  important  acid  commonly  used  in  the  food  industry.  The  bio- 
reactivity  of  iron-chrate  complexes  have  been  examined  in  depth  indicating  that 
ferrous  and  ferric  iron  will  form  complexes  with  citrate  ions.**’*’ 

Lactic,  oxahc,  and  citric  acids  are  angle,  binary,  and  ternary  carboxylic 
acids,  respectively.  Therefore  in  addition  to  considering  various  microbial 
producers,  the  effect  of  the  carboxylic  add  functional  group  can  also  be  assessed. 

Although  organic  acids  are  ubiquitous  and  occasionally  polymorphous 
there  has  been  limited  research  performed  on  their  effect  on  metallic  corrosion. 
Some  work  has  been  done  on  the  corrosion  effects  of  acetic  add  on  copper**  and 
stainless  steels.*®  Current  research  focuses  on  the  significance  of  the  substrates  by 
comparing  the  corrosion  behavior  of  stainless  steels  prepared  fi'om  metal  powders 
in  organic  adds.**  A  study  has  been  conducted  by  Farve  and  Landolt  on  the 
chelating  ability  of  gallic  add,  a  naturally  occurring  organic  add  for  use  as  a 
possible  corrosion  inhibitor.^*  The  chelation  of  the  iron  ions  by  gallic  add  was 
found  to  involve  both  the  hydroxyl  and  caiboxyl  groups.  These  are  the  same 
functional  groups  expected  to  play  a  role  in  metal  ion  chelation  by  dtric  and  lactic 
acids.  The  structures  of  dtric,  oxalic  and  lactic  acids  showing  these  groups  are 
illustrated  in  figure  2.  Citric  acid  has  also  proven  to  be  photo  reactive.^ 


Therefore  this  parameter  was  also  evaluated  when  exposing  the  steel  samples  to 
dtric  acid  solutions. 

1.02  XPSofMIC 

Although  microbiolo^cally  influenced  corrosion  (MIC)  was  first 
recognized  more  than  60  years  ago^  ,  research  efforts  have  shown  significant 
growth  only  in  the  last  thirty  years.  The  cost  in  1978  to  US  industries  fi*om 
microbiolo^cal  corrosion  was  estimated  to  be  more  than  $16  billion.^*  Over  the 
last  25  years  surface  analyas,  in  combination  with  electrochemical  analysis,  has 
played  a  major  role  in  understanding  of  metallic  corrosion.^’^  This  particularly 
complex  form  of  corrosion,  has  not  attraded  much  of  the  attention  of  applied 
surface  scientists.  This  suggests  that  more  surface  analytical  methods  and 
practices  should  be  suitably  adapted  to  tins  form  of  corrosion. 

There  are  various  techniques  to  determine  topography  of  microbiolo^cal 
samples  without  exposure  to  UHV.  Two  such  techniques  are  the  Environmental 
Scanning  Electron  hficroscope  (ESEM)  and  the  biolo^cal  Atomic  Force 
Microscope  (AFM).  The  ESEM  can  collect  chemical  information  of  a  wet 
biofilm,”  but  no  infonnation  on  spedation  .  In  addition,  the  surface  sensitivity  of 
ESEM  is  less  than  that  of  XPS.  The  biolo^cal  AFM  is  useful  for  in  situ 
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determination  of  topography^  and  the  structure  of  large  biomolecules.^  In 
previous  studies  in  this  laboratory  the  suitability  of  X-ray  Photoelectron 
Spectroscopy  PCPS)  to  the  study  of  biological  spedes  and  their  metabolic  products 
was  proven  effective.®®’^*  To  ensure  no  cellular  degradation  occurs  in  the  Ultra- 
High  Vacuum  (UHV)  during  XPS  liquid  nitrogen  is  used  to  cool  the  spedmen  for 
analysis.  Figure  3  is  a  graph  of  elemental  vapor  pressures  vs.  temperature.  As 
illustrated  at  -50°  C,  volatile  elements  such  as  sulfur  and  carbon  are  extremely 
stable  in  pressures  as  low  as  lx  10**®  torr.  Hence  cooling  the  sample  with  liquid 
nitrogen  (-196°  C  (77°  K))  is  more  than  sufficient  for  these  studies. 

The  feasibility  of  XPS  as  an  analysis  techiuque  for  MIC  has  been  proven  by 
research  previously  done  in  this  lab.  A  study  of  Uranium  spedes  bound  to 
Clostridia  sp.  cell  walls  was  performed  uring  both  XPS  under  UHV  and  in  air  by 
X-ray  Absorption  Near  Edge  Spectroscopy  (XANES).  The  spectra  are 
reproduced  in  figure  4.  Notice  the  excellent  agreement  of  both  the  XPS  at  UHV 
and  XANES  at  atmospheric  pressure.*®  Additionally,  the  data  showed  agreement 
in  determining  that  soluble  uranyl-acetate  exposed  to  bacteria  in  a  growth  medium 
was  immobilized  onto  the  cell  walls  as  U*"^.  While  this  example  related  to  a 
bioremediation  study,  it  serves  to  demonstrate  that  XPS  has  great  potential  for 
studies  of  microbiological  corrosion.  In  a  second  study,  the  spedation  of  S 
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trapped  in  a  biomass  of  Desulfovihrto  sp.  was  determined  using  XPS.  This  was 
part  of  a  larger  study  in  which  the  bacteria  was  e7q)osed  to  soluble  forms  of  the 
elements  expected  to  be  slowly  released  from  a  passivated  stainless  steel  such  as 
type  3 17L.^‘  The  bacteria  were  grown  in  Postgate’s  medium  C.  Separate  samples 
of  bacteria  were  then  inoculated  with  0.2mM  FeCb,  Na2Mo04,  CrCb  or  NiCb. 
The  molarity  was  chosen  to  represent  the  solution  concentration  expected  at  the 
alloy  surface  assuming  a  passive  current  density  of  lOpA  cm'^.  The  biomass  was 
separated  by  centrifugation,  dried  and  analyzed  by  XPS.  According  to  the  XPS 
results  the  metallic  spedes  were  found  to  exist  in  several  chemical  states,  including 
their  sulfides,  in  all  cases.  However,  more  germane  to  this  review  is  the  detailed 
speciation  of  several  sulfur  states  that  were  recorded  and  are  reproduced  in  figure 
S.  The  spectra  shows  the  various  stages  of  sulfur  reduction  according  to  the  SRB 
reduction  cycle  illustrated  in  figure  6.  The  extent  of  the  reduction  process  appears 
to  be  influenced  by  the  nature  of  the  metal  added.  This  in  turn  was  related  to  the 
release  rates  of  several  other  metabolic  products  such  as  hydrogen  sulfide,  acetic 
and  propionic  adds  xp^ch  were  reported.^^  The  release  of  hydrogen  sulfide  and 
production  of  metal  sulfides,  sulfites  and  elemental  sulfur  are  expected  to  increase 
very  significantly  the  corrosiveness  of  the  local  enviroranent.^  It  can  be 
appredated  that  correlating  biofilms  with  corrosion  events  may  be  in  practice 
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difficult  if  the  chemical  environment  around  the  corrosion  products  is  not 
adequately  investigated. 

To  determine  of  the  susceptibility  of  engineering  alloys  to  microbiologica] 
corrosion,  an  accelerated  test  combining  XPS  analysis  with  electrochemical 
polarization  analysis  was  developed.*^  The  test  first  involved  exposure  of 304  and 
317L  stainless  steel  to  fresh  cultures  of  desulfovibrio  desuljuricans  followed  by 
XPS  analysis  of  the  surface  of  the  steel  to  determine  the  nature  of  subsequent 
chemical  surface  modification.  The  next  stage  involved  electrochemical  analysis  in 
a  test  acid  to  evaluate  the  passivity  and  pitting  characteristics  of  the  stainless  steel. 
Further  XPS  analysis  was  then  performed  on  the  steel  samples  following 
polarization  at  a  potential  selected  from  the  polarization  diagram  in  order  to 
evaluate  the  nature  of  surface  breakdown  in  the  test  acid.  By  combining  this  data, 
a  model  of  surface  chemical  behavior  could  be  determined  that  would  provide  a 
guide  to  alloy  design  for  improved  resistance  to  microbiological  corrosion. 
Angular  Resolved  (AR)  XPS  was  performed  on  the  above  specimens  revealing 
significant  sulfidation  of  Fe,  Cr  and  hfi,  with  sulfides  b^g  present  throughout  the 
anodic  film  as  indicated  in  figure  7^*  The  extent  of  the  sulfidation  was  seen  to  vary 
considerably  between  samples.  This  analysis  indicated  that  microbiolopcal 
corrosion  had  taken  place  and  had  sulfidized  the  main  passivating  element  Cr.  This 
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would  be  expected  to  compromise  the  ability  of  the  alloy  to  passivate.  Unlike 
abiotic  corrosion,  microbiological  corrosion  appeared  less  consistent. 

1.1  X-ray  Photoelectron  Spectroscopy 

X-ray  photoelectron  spectroscopy  (XPS)  is  a  surface  analysis  technique 
originated  by  the  Nobel  laureate  Dr.  Ku  Siegbahn  based  on  Einstein's  Nobel  prize 
winning  photoelectric  theory.  XPS  provides  chemical  valance  state  information 
for  species  as  low  as  2%  of  a  monolayer  to  approximately  ten  nanometers  into  the 
bulk  depending  on  the  mean  free  path  of  photoelectrons  through  the  material.  All 
elements  are  detectable  by  XPS  with  the  exception  of  hydrogen,  the  sensitivity 
depends  on  the  photo-emission  cross  section  of  the  given  element.  Given  elastic 
scattering  conditions,  the  kinetic  energy  of  the  emitted  electron  (Et)  is  equal  to  the 
incident  X-ray  energy  (hv)  minus  the  binding  energy  of  the  emitted  dectron  (Eb) 

and  the  work  function  of  the  sample  and  the  spectrometer  (<J>),  as  given  in  equation 

1. 


Ek  =  hv  -  Eb  -  <|> 


(1) 
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It  is  important  to  note  that  although  core  electrons  are  predominantly  used  for 
XPS  analysis  electrons  are  emitted  from  all  the  energy  levels,  allowing  valance 
band  spectroscopy  or  peaks  from  more  than  one  orbital  to  be  used  for  data 
confirmation.  Figure  8  shows  a  schematic  example  of  the  photo>emission  of  a  core 
electron  from  an  atom.  The  ionized  sample  atom  undergoes  relaxation  through 
filling  of  the  core  electron  hole  from  a  higher  energy  level.  Then  a  hole  in  a  higher 
energy  level  is  filled  by  conduction  of  the  electrons  through  the  sample  block  from 
ground.  If  the  sample  is  not  a  good  conductor  it  will  become  positively  charged 
and  spectra  will  show  a  shift  to  a  higher  binding  energy.  This  charge  shifting  can 
be  corrected  by  subtracting  the  standard  value  adventitious  carbon  at  284.6  eV 
binding  energy  from  the  observed  adventitious  carbon  position;  the  difference 
equals  the  sample  charging.  The  emitted  electrons  are  collected  by  the  analyzer 
where  the  energies  and  relative  counts  are  determined. 

1.11  Instnimentatioii 

There  are  two  basic  types  of  XPS  electron  energy  analyzers,  the  cylindrical  mirror 
analyzer  (CMA)  and  the  concentric  hemispherical  analyzers  (CHA).  The  CMA  is 
comprised  of  two  concentric  cylinders  that  are  charged  to  allow  only  the  passage 
of  electrons  of  a  selected  energy.  The  emitted  electrons  follow  two  mirrored  "S" 


9 


like  paths  through  the  concentric  cylinders  to  the  electron  multiplier.  The  CHA 
uses  two  concentric  hemispheres  that  are  charged  to  allow  the  passage  of  only 
electrons  of  specific  ener^es.  A  sample  of  the  spectra  collected  by  the  analyzer  is 
shown  in  figure  9,  the  vertical  axis  measures  the  counts  of  the  electrons  while  the 
horizontal  axis  is  the  binding  energy  ^>ecific  to  each  dement  as  calculated  in 
equation  1.  Figure  9  shows  a  wide  scan  XPS  ^ectra  which  gives  information  on 
all  elements  on  the  sample  surface  and  little  information  regarding  the  speciation  of 
each  element:  such  information  is  derived  fi’om  the  narrow  or  higher  resolution 
scans.  The  steps  seen  in  figure  9  at  the  C  Is,  O  Is  and  Fe  2p  peaks  can  be  used 
determine  whether  elements  are  present  only  in  a  thin  film  layer  or  throughout  the 
bulk.  Here  bulk  refers  to  relative  to  depths  of  several  times  the  mean  fi-ee  path  of 
the  photoelectrons  in  the  sample  being  analyzed.  This  is  due  to  the  fact  that  the 
background  intensity  is  mostly  comprised  of  scattered  photoelectrons. 
Photoelectrons  tyected  fi'om  an  element  present  in  the  bulk  vill  be  scattered  as 
they  exit  the  material.  This  energy  loss  will  result  in  the  step-like  structures  on  the 
low  kinetic  energy  (  high  binding  energy  )  side  of  the  peaks.  From  this  we  can  see 
that  the  bulk  of  the  sample  surface  layer  is  comprised  of  mostly  Fe,  Cr  and  O. 
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1.12  Spectral  Features 

Photoelectrons  emitted  from  p,  d  and  f  orbitals  generate  (q>ectra]  doublets, 
an  example  of  which  is  shown  in  figure  10.  This  is  called  spin  orbital  splitting  and 
is  due  to  interactions  between  the  total  angular  momentum  of  each  electron  0)  or 
j-j  coupling.  The  distance  between  them  is  the  energy  difference  between  the 
separate  spin  orbitals  (A^).  The  total  electronic  angular  momentum  (j)  equals  the 
sum  of  the  orbital  quantum  number  (1)  and  the  spin  quantum  number  (s)  and 
therefore  has  two  distinrt  values  due  to  s  equaling  1/2  and  -1/2.  The  area  ratio  of 
each  of  these  doublet  peaks  depends  on  the  degeneracies  (2j+l)  and  can  be  seen 
for  various  orbitals  in  table  3.  Basically  the  degeneracies  are  the  number  of  states 
with  the  same  energies  and  can  be  found  using  the  quantum  number  j. 

Another  group  of  spectral  features  often  noted  in  XPS  data  are  satellites. 
The  three  types  of  satellites  are  shake-up,  shake-off  and  x-ray  satellites.  X-ray 
satellites  are  low  intensity  peaks  that  arise  because  the  x-ray  source  is  not  totally 
monochromatic.  In  addition  to  the  most  intense  Kai^  lines  there  are  also  low 
intensity  Kaj,  Kou  and  KP  lines;  these  additional  x-ray  energies  cause  the  satellites 
observed  in  figure  11.  X-ray  satellites  appear  on  the  lower  binding  energy  ade  of 
the  Kai;2  photoelectron  peak  because  the  Kaj,  Kou  and  KP  x-rays  are  higher 
frequency  and  therefore  higher  energy  x-rays. 
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Shake  up  satellites  are  due  to  the  electrons  in  the  atom  being  promoted  to  a 
higher  unfilled  energy  level  during  emission  of  the  photoelectron.  The  aiergy 
required  to  promote  the  electron  is  then  not  available  to  the  photoelectron, 
therefore  it  appears  that  the  atom  has  a  higher  binding  energy  generating  a  q)ectral 
peak  on  the  high  binding  energy  side  of  the  primary  peak.  This  sort  of  rdaxation 
requires  an  unfilled  outer  orbital  as  illustrated  in  figure  12.  For  example  Cu*  with 
3d*®  (figure  13a)  does  not  produce  shake  up  satellites  while  Cu^*  with  3d’  (figure 
13b)  does.’’  The  spectra  can  be  used  as  a  technique  to  differentiate  between  the 
two  species  as  shown  in  figure  13. 

Shake  off  satellites  are  similar  to  shake  up  satellites  but  result  in  ionization 
of  the  valance  electrons,  leaving  two  electron  holes;  one  in  the  core  level  and  the 
other  in  the  valance  level.  Shake  off  satellites  are  rarely  seen  for  solid  state 
samples  because  they  are  lost  in  the  inelastic  tail.  The  shake  off  satellites  have 
been  identified  in  the  inelastic  tail  of  polymeric  C  Is  spectra,  after  double 
differentiation  by  Pireaux  who  used  this  technique  to  acquire  information  on  the 
valance  band  structure  of  the  polymers.” 

The  spedation  of  elements  can  be  determined  using  the  &ct  that  chemical 
shifts  occur  between  various  atomic  species.  A  chemical  shift  is  the  change  in 
binding  energy  of  core  electrons  for  different  valance  states  or  different  chemical 
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environments  for  the  same  element.  For  example  in  the  case  of  NaCI  vs  Na  metal, 
the  Na  ionized  to  Na"^  presents  the  core  electrons  with  a  higher  effective  nuclear 
charge,  thus  generating  a  Na  Is  q>ectral  shift  to  higher  binding  energy.  Shifts  can 
also  occur  for  elements  in  the  same  valence  statej  an  example  of  this  effect  can  be 
seen  for  the  organic  molecule  eth^ltrifluoroacetate  v^diere  the  four  different  carbon 
atoms  produce  spedfic  distinct  chemical  shifts.  As  seen  in  figure  14  the  CF3  group 
has  the  highest  binding  energy  because  of  the  high  electron  afiBnity  of  the  F.’® 
Second  the  carbon  of  the  acetate  group  is  shifted  because  it  is  bound  to  two 
oxygen  molecules  which  influence  the  electronic  screening  of  the  Cls  dectron. 
Finally  the  close  chemical  shift  of  the  carbon  atoms  bound  to  an  oxygen  atom  is 
not  fully  differentiated  fi-om  the  methyl  group.”  Chemically,  the  binding  energy 
(Eb)  is  roughly  given  by: 


Eb-KQ  +  V  +  L-Er  (2) 

Where  K  is  an  empirical  constant,  Q  is  the  charge  of  the  ion,  L  is  the  binding 
energy  of  a  fi’ee  neutral  atom,  V  is  the  potential  field  generated  by  the  surrounding 
atoms,  and  ^  is  the  relaxation  energy  of  the  remaining  electrons  (this  is  a  negative 
value;  hence  it  reduces  the  energy  of  the  ion). 
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1. 13  Angular  Resolved  XPS 

The  surface  sensitivity  of  XPS  is  dependent  on  the  photoelectron  take-oflF 
angle  (toa)  or  emission  angle  (4)).  The  techmque  of  comparing  spectra  from 
different  toa  is  called  angular  resolved  x-ray  photoelectron  spectroscopy.  Figure 
15  shows  that  since  photoelectrons  are  emitted  radially  from  the  surface  and  are 
collected  from  depths  of  approximately  three  times  the  mean  free  path  of  an 
emitted  electron  (X)  by  changing  the  angle  of  the  analyzer  (<t))  with  respect  to  the 
sample  surface  various  depths  (d)  can  be  probed; 

d  =  3X  sin  (J)  (3) 

It  is  important  to  remember  that  for  single  crystal  surfaces,  photo-electron 
difiraction  may  occur  and  cause  false  angular  resolved  XPS  results.  The 
topography  of  a  surface  is  also  important  \dien  dealing  with  angular  resolved  XPS 
data  because  if  the  surface  topography  is  rough  the  low  angle  information  is  only 
collected  from  the  peaks,  and  shadowing  of  the  troughs  occurs. 
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1.2  General  Corrosion 


There  are  two  types  of  chemical  reactions  that  define  corrosion,  oxidation 
and  reduction.  Oxidation  is  the  loss  of  electrons  fi’om  an  element.  In  the  corrosion 
model  the  places  on  the  metal  surface  wdiere  oxidation  occurs  are  called  the  anodic 
sites  (The  white  areas  in  figure  16).  The  metal  ions  may  become  part  of  soluble 
complexes  and  go  into  solution,  or  tiiQr  form  a  relatively  insoluble  protective  layer 
on  the  metal  which  decreases  dissolution  of  the  metal.  The  electrons  liberated 
fi-om  the  reaction  travel  through  the  metal  to  the  cathodic  site  (shaded  areas  on 
figure  16)  where  the  reduction  reaction  occurs.  Reduction  is  the  decrease  in 
charge  of  a  chenucal  species  by  acquiring  electrons,  which  in  this  case  come  fi-om 
the  metal  surface.  Figure  17  illustrates  that  both  anodic  and  cathodic  sites  occur 
on  a  corroding  surface.  These  two  areas  on  the  surface  are  the  two  halves  of  the 
reduction-ojddation  (redox)  reaction  and  the  rate  contributing  step  in  the  corrosion 
reaction  governs  the  overall  corrosion  rate. 


M  +  X  =  M^  +  X’” 


Reaction  1 


Figure  17  is  &  cross  section  diagram  of  corrosion  occurring  at  an  anodic  site  where 
the  metal  atoms  ^il)  go  into  solution  and  the  cathodic  ate  where  species  in 
solution  acquire  electrons  from  the  metal  (reduction). 

1.21  Activation  Polarization 

Activation  polarization  is  used  as  an  electrochemical  analysis  technique  to 
assess  the  corrosion  performance  of  a  metallic  sample.  Figure  18  shows  a 
modified  Greene  cell"  similar  to  the  one  used  for  research.  The  working  electrode 
is  the  specimen  being  analyzed.  The  counter  or  auxiliary  electrode  is  used  to 
supply  current  to  the  working  electrode.  It  should  be  inert  to  the  solution  and 
therefore  it  is  usually  made  of  platinum.  The  salt  bridge  and  luggin  capillary  are 
used  to  minimize  the  voltage  drop  or  IR  drop  between  the  working  electrode  and 
the  reference  electrode.  Polarization  causes  only  one  of  the  half  cell  reactions  at  a 
time  to  occur  on  the  sample  surface,  while  the  opposite  occurs  on  the  platinum 
auxiliary  electrode.  The  reference  electrode  senses  the  potential  imposed  on  the 
working  electrode.  There  are  two  common  types  of  reference  electrodes,  the 
standard  hydrogen  electrode  (SHE)  and  the  saturated  calomel  electrode  (SCE). 
Generally,  reference  cells  are  compared  to  the  SHE  by  setting  the  SHE  at  zero 
volts.  The  reaction  on  the  SHE  is: 
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Reaction  2 


2H*  +  2e-  =  Hi 


The  reaction  that  occurs  at  the  surface  of  the  SCE  is; 

Hg2Cl2  +  2e’  =  2Hg  +  2C\~  Reaction  3 


with  a  potential  of 0.222  V  vs.  SHE. 

The  relationship  between  the  potential,  current  density  and  the  half  cell 
reactions  for  a  de-aerated  situation  are  illustrated  in  figure  19^*.  The  symbols  P, 
and  Pc  in  figure  19  are  the  Tafel  constants  which  represent  the  rate  of  the  anodic 
ojddation  and  cathodic  reduction  reactions.^^  The  over  potential  or  applied 
potential  (11)  can  be  correlated  to  the  current  according  to  the  Tafel  equations. 
There  are  two  Tafel  equations;  that  for  anodic  oxidation; 

Tla=Palog(i./io)  (4) 

and  the  Tafel  equation  for  cathodic  reduction; 
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Tlc=Pclog(ic/io) 


(5) 


where  the  subscripts  a  and  c  correspond  to  anodic  and  cathodic  respectively.  The 
subscript  o  stands  for  open  drcuit.  Where  these  lines  cross  (see  figure  19)  is  the 
corrosion  current  density  (ieon)-  The  ieor  can  be  found  experimentally  fi‘om  an 
active-passive  polarization  plot  fi'om  extending  the  Tafel  slopes  imtil  they  cross. 
This  is  represented  in  figure  20  by  the  dashed  lines.  From  figure  19  following  the 
reaction: 


+  2e  —  M  Reaction  4 

we  can  see  that  a  surface  oxide  can  be  reduced  if  a  negative  potential  of  sufiBcient 
magnitude  is  applied  for  a  sufficient  time  to  the  sample  until  the  becomes  constant. 
Specifically  when  the  rate  of  current  exchange  between  the  metal  surface  and  the 
and  the  solution  is  constant  all  the  surface  o)dde  has  been  reduced.  This  is  called 
cathodic  treatment  and  is  used  to  reduce  the  surface  to  metal.  The  sample  can 
then  be  potentiodynamically  scanned  producing  a  polarization  plot  similar  to  the 
one  shown  in  figure  20,  which  shows  a  general  potentiodynanuc  curve  for  a  metal 
specimen.  Comparing  figure  19  to  figure  20  we  can  see  that  the  reaction  occurring 
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in  the  cathodic  region  on  figure  20  is  a  hydrogen  evolution  reaction  (since  the 
surface  no  longer  possesses  oxides  which  can  be  reduced)  for  a  deaerated  solution. 

2H^  +  2e’  =  H2  Reaction  5 

For  an  aerated  solution  the  dissolved  oxygen  can  react  vwth  the  hydrogen  ions  to 
^ve  the  reduction  reaction  shown  in  reaction  6.^* 

O2  +  4  +  4  e'  =  2H2O  Reaction  6 

Similarly  the  active  region  can  be  seen  to  coincide  with  the  metal  dissolution 
reaction. 

M  =  +  ne"  Reaction  7 

The  passive  re^on  (shown  in  figure  20)  is  where  the  metal  ions  form  a  protective 
or  passive,  relatively  insoluble  layer  between  the  metal  and  the  solution.  The 
transpassive  region  of  the  active-passive  polarization  plot  represents  the  same 
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meta]  dissolution  reaction  (reaction  7)  of  the  active  re^on.  This  is  due  to  the  high 
applied  potential  which  causes  the  breakdown  of  the  passive  film. 

1.22  Corrosion  Rates 

The  corrosion  rate  of  metals  can  be  determined  u^g  Faraday’s  Law  which 
correlates  the  mass  dissolved  (m)  in  grams  to  the  current  in  amperes  (I),  time  in 
seconds  (t)  and  a  correlation  factor  called  the  electrochemical  equivalent  in  grams 
per  coulomb  (K). 

m  =  K 1 1  (6) 

The  electrochemical  equivalent  (K)  is  equal  to  the  atomic  weight  (w)  divided  by 
the  number  of  equivalents  or  electrons  in  the  reaction  (n)  and  Faradays  constant 
(F)  96500  Coulombs  per  equivalent. 

K  =  w/nF  (7) 


To  acquire  corrosion  rate  in  grams  per  cm^  per  second  (r)  fi-om  the  mass  reacted 
di\dde  the  mass  (m)  by  time  (t)  and  the  area  (A).  This  produces  equation  6: 
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r  =  m/t  A  =  ia/nF  (8) 

where  i  (or  w)is  the  current  density  (I  /  A),  in  amperes  per  cm^.  A  more  common 
way  of  presenting  corrosion  rates  is  depth  per  time  or  mils  (0.001  in)  per  year 
(mpy).  The  mpy  can  be  calculated  by  multiplying  equation  6  by  a  proportionality 
constant  and  dividing  by  the  density  of  the  corroding  metal  (p). 

r  (mpy)  =  0.129  a  i  /  n  p  (9) 

Polarization  is  the  induction  of  either  a  cathodic  or  anodic  reaction  by  an  external 
source;  for  example,  solution  concentration  or  electrical  activation.  Activation 
polarization  forces  a  specific  half  cell  reaction  to  occur  on  the  sample  surface  by 
selecting  either  a  specific  voltage  or  current. 
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II  Experimental  Methods  and  Procedures 


There  were  three  basic  questions  this  research  sought  to  answer: 

(1)  What  effect  if  any  do  the  organic  acids  have  on  the  conditiomng  and  corrosion 
of  stainless  steel  and  what  is  the  ^ect  of  the  surface  conditioning  and  light  on 
corrosion  in  dtric  acid  solutions. 

(2)  What  is  the  effect  of  exposure  to  the  cxopolymer  of  the  marine  bacterium 
Deleya  marina  on  conditioning  and  corrosion. 

(3)  What  are  the  effects  of  DesuJfovihrio  desuljurcans  on  the  corroaon 
characteristics  of  both  the  heat  treated  and  as  polished  stainless  steel  304  and  as 
polished  alununum  alloy  2024-T3.  Additionally  A16x  stdnless  steel  and  a  high 
molybdenum  "stainless  steel  like"  thin  film,  produced  by  Jet  Vapor  Deposition 
Process™  (JVD™),  were  exposed  to  both  uninoculated  Postgate  C  growth  media 
and  inoculated  <hsulfovihrio  desuljurcans.  As  with  the  304  stunless  steel  and 
AA2024  coupons,  cell  counts  and  ICP-AES  was  performed  the  media  after  a  5  day 
exposure  to  these  coupons,  although  for  these  samples  no  additional  surface 
analysis  was  performed. 

Lactic  add  (see  figure  2(c))  is  an  alhpa-hydroxy  carboxylic  acid,  meaning  it 
has  both  a  hydroxyl  (OH)  fiinctional  group  as  alcohols  do  and  the  carbo:qrl 
(COOH)  functional  group  of  the  carboxylic  adds.  Lactic  acid  was  selected  for  its 
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ubiquitous  presence  in  the  bacterial  conunuiuty'"  and  to  help  answer  the  question 
of  what  is  the  effect  of  the  uninoculated  media  on  the  corroaon  behavior  of 
exposed  samples.**  Oxalic  add  (  see  figure  2  (b))  is  a  di-carboxylic  add,  meaning 
it  has  two  carboxyl  functional  groups.  It  was  selected  for  this  research  for  it  is 
known  to  play  a  role  in  the  weathering  of  rocks  and  minerals  by  organic-metal 
complex  formation.^*’^  Citric  acid  (see  figure  2(a))  is  a  hydroxy-tri-carboxylic 
acid  which  simply  put  means  it  has  a  hydroxyl  and  three  carboxyl  functional 
groups.  Citric  acid  can  react  ^th  other  dtric  acid  molecules  as  lactic  acid  does  to 
form  derivatives  such  as  esters.**  Citric  is  a  well  know  chelator  of  transition 
metals,  forming  various  complexes.**’**’**  Figure  21  is  a  flow  diagram  of  the 
conditioning  film  research  which  includes  the  exopolymer  and  the  dtric  photo¬ 
reactivity  research.  The  concentration  of  1  mM  was  selected  because  it  was  a 
concentration  similar  to  that  of  other  organics  observed  in  environment.**  The  S 
minute  exposure  time  was  selected  arbitrarily  prior  to  the  electrochemical  analysis 
where  an  effect  was  observed;  it  was  then  dedded  for  consistency  to  stay  with  the 
same  time  for  all  the  various  methods  of  analysis.  The  concentration  of  O.IM  was 
seleaed  for  the  dtric  add  photo-reactivity  research  to  be  consistent  with  the 
research  performed  in  the  literature.*^ 
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Electrochemical  analysis  was  selected  to  determine  if  the  dtric  acid  had  an 
effect  on  the  corrosion  behavior  of  the  samples  through  observing  hs  active- 
passive  polarization  behador.  XPS  was  selected  to  determine  what  effect  the 
organic  acids  had  on  the  stainless  steel  surface;  for  example,  to  detemune  whether 
the  organics  were  binding  to  the  surface  and/or  how  the  passive  film  was  chan^g 
if  at  all.  Fourier  Transform  Infiared  Microspectroscopic  (FT-IRM)  analysis  was 
performed  to  confirm  the  results  of  the  XPS,  particularly  relating  to  the  binding  of 
the  organics  to  the  surface.  Inductively  Coupled  Plasma  Atomic  Emission 
Spectroscopy  (ICP-AES)  was  added  as  a  solution  analysis  technique  to 
compliment  the  surface  analysis,  chosen  specifically  for  its  ability  to  detect 
elements  at  very  low  concentrations  (ppb).  Since  the  ICP-AES  has  no  speciation 
capability,  UV-Vis,  was  added,  specifically  to  determine  ^^diat  iron  complexes  if 
any  were  in  solution. 

The  exopolymer  research  consisted  of  observing  the  electrochemical 
behavior  during  potentiodynamic  polarization  of  a  stainless  steel  304  coupon  after 
exposure  to  the  exopolymer.  Delqya  marina  exopolymer  was  selected  because  it 
is  a  bacterium  that  generates  large  amounts  of  exopolymers.  The  exopolymer 
exposure  took  two  forms;  one  in  a  static  or  unstined  solution  and  the  other  in  a 
solution  being  magnetically  stirred  for  the  5  min.  exposure  time.  This  was  done  to 
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determine  any  possible  effects  of  water  flow  during  exopolymer  exposure.  The 
protein  containing  exopolymer  was  used  because  it  has  been  observed  to  bond  to 
metal  ions  in  solution^  and  the  proteins  were  not  believed  to  be  foreign  to  the 
exopolymer.*^ 

The  SRB  research  followed  a  procedure  previously  developed  in  this  lab. 
The  choice  of  studying  the  unpolished  "as  heat  treated”  stainless  steel  304  was  to 
^ulate  the  highly  oxidized  surface  similar  to  that  of  a  sUunless  steel  weldment. 
The  "as  polished"  stainless  steel  304  was  used  as  a  self  check  with  previous  work 
done  in  the  lab.*’  The  choice  of  the  aluminum  alloy  2024-T3  was  to  extend  the 
materials  tested  beyond  austenitic  stainless  steels  to  other  important  structural 
alloys.  AA  2024-T3  is  an  aluminum  alloy  commonly  used  in  aircraft  industry. 
Copper  is  a  major  alloying  element  in  AA  2024-T3  used  to  improve  the  strength  of 
the  material  by  age  hardening  with  predpitation  of  CUAI2  in  the  slip  planes  and 
grain  boundaries.’® 

I 

2.1  Sample  Preparation 

Stainless  steel  304  sheets  Fe:  69.62,  Cr:  19.27,  Ni:  8.49,  Mn  1.77,  C: 
0.0S3,  Mo;  0.35,  Si;  0.41,  P;  0.031,  and  S;  0.008  wt  %  were  cut  in  to  coupons 
measuring  l.ScmxlcmxO.l  cm.  These  were  sealed  in  a  pre-evacuated  (  3x10*’ 
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torr  )  quartz  tube  and  annealed  at  1100‘C  for  three  hours  followed  by  a  water 
quench  to  prevent  sensitization.  The  stainless  steel  304  coupons  were  polished  to 
a  1/4  micron  diamond  finish  via  the  process  shown  in  table  4.  Following  the 

polishing  procedure  the  coupons  were  cleaned  ultrasonically  in  isopropanol  and 
distilled  water. 

The  AA  2024-T3  samples,  composition  4  wt.  %  copper  and  1  wt.  % 
magnesium  and  the  rem^der  aluminum,  were  polished  to  the  600  grit  SiC  level. 

The  A16x  coupons,  composing  of  20  wt.  %  Cr,  23  wt.  %  Ni,  6.3  wt.  %  Mo 
and  the  balance  Fe  were  polished  to  the  600  grit  SiC  while  other  coupons  were 
unpolished,  hence  maintaining  the  "as  heat  treated  oxide"  layer.  The  AT3™ 
coupons  consisted  of  Si  wafers  upon  which  the  thin  film  (Cr  10  at.%,  Ni  9  at.%. 
Mo  12  at.%  balance  Fe)  was  jet  vapor  deposited.  No  polishing  was  performed  on 
the  AD™  coupons,  which  already  possessed  a  mirror  finish. 

The  coupons  to  be  exposed  to  the  SRB's  were  rinsed  in  ethanol  to  sterilize 
any  bacteria  on  the  surface  then  18  Mf2  deionized  water  to  remove  any  of  the 
ethanol,  which  is  toxic  to  most  bacteria. 
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2.2  Oi^anic  Acid  Exposure 

L(+)Lactic,  oxalic  and  dtric  acids  were  prepared  fresh  for  each  experiment 
to  ensure  no  bacterial  contamination.  80,  90  and  175  mg  /  L  respectively  were 
added  to  distilled  water  to  produce  1  ihM  solution  of  each  of  the  adds.  The  steel 
coupons  were  immersed  in  the  respective  add  for  5  minutes  then  rinsed  in  distilled 
water  to  prevent  the  acid  from  accumulating  on  the  surface  simply  through 
physical  adsorption  and  drying. 

2.21  Exopolymer  Exposure 

120  mg  /  L  of  delqya  marina  exopolymer  was  dissolved  in  distilled  water. 
The  steel  coupons  were  immersed  in  the  solution  for  5  minutes  then  rinsed  in 
distilled  water  to  prevent  the  extra-cellular  poljmier  from  accumulating  on  the 
surface  simply  through  physical  adsorption  and  drying. 

2.3  XPS  Analysis 

The  XPS  was  performed  using  a  modified  VG  Sdentific  ESCA  3  MK  n 
spectrometer  controlled  by  a  VGX  900  computer-based  data  ac(}uisition  ^rstem. 
The  vacuum  was  maintained  below  4  x  lO"*  torr  while  the  sample  was  being 
analyzed.  The  system  is  equipped  with  a  rotatable  liquid  nitrogen  cooled  sample 
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probe  and  turbo  molecular  pumped  fest  entry  port.  In  all  cases,  the  incident 
radiation  was  achromatic  A1  K-<Xi^  with  a  source  power  of  400  watts  providing  a 
Full  Width  at  Half  Maximum  (TWHM)  of  1.35  eV  for  Au  Aim.  A  hemispherical 
analyzer  was  used  with  entrance  and  eat  dits  wdth  was  set  at  4  mm  (0.16  in.). 
The  analyzer  energies  were  set  at  100  eV  and  1  eV  steps  for  wide  scans  and  20  eV 
and  0.1  eV  steps  for  narrow  re^on  scans.  The  spectra  were  obtained  at  several 
photoelectron  takeoff  angles,  ranging  from  20“  to  90*  with  respect  to  the  sample 
surface.  Standard  data  for  all  peak  parameters  and  sensitivity  factors  were 
developed  from  work  performed  in  tWs  laboratory.  All  fitting  data  is  shown  in 
table  5.  The  samples  were  transported  into  the  XPS  chamber  in  an  Ar-purged 
glove  bag.  Charge  shifting  was  corrected  with  the  adventitious  C  Is  line  at  284.6 
eV  as  discussed  in  the  XPS  introduction.  Nonlinear  least-square  curve  fitting  was 
performed.  Parameters  included  the  Gaussian  /  Lorentzian  ratio,  constant  tml 
ratio,  exponential  tail  slope,  and  constant/exponential  tail  mixing  ratio. 
Background  subtraction  was  performed  using  the  Shirley  method.” 
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2.4  Electrochemical  Analysis  of  Organic  Acids  and  Delaya 
Marina  Exopolymer 

The  coupons  were  mounted  on  to  Plexiglass™  holders  measuring  2  cm  x 

1.5  cm  X  0.5  cm  using  epoxy.  The  working  dectrode  coimecfion  was  made  by 
physical  contact  to  the  back  of  the  stainless  steel  304  coupon  with  a  copper  wire  as 
shown  in  figure  22. 

The  electrochemical  analysis  equipment  used  was  a  Gamry  Corrosion 
Measurement  System  100  (CMS  100).  The  experiments  were  conducted  in  a  1 
L  Greene  cell  (see  figure  18)  containing  deaerated  0.1  M  HCl .  The  counter 
electrodes  were  1  mm  diameter  and  5  mm  long  platinum  wires  and  the 
reference  electrode  was  a  saturated  calomel  electrode  (SCE).  The 
potentiodynamic  scans  were  performed  at  1  mV/sec  fi-om  open  circuit.  No 
cathodic  conditioning  was  applied. 

This  is  m  Mxrelereted  test  which  provides  rapid  surface  information  by 
using  the  electrolyte  as  a  surfece  probe.  For  this  purpose  HO  was  chosen 
because  it  does  not  form  protective  salts  such  as  does  suUiitic  add.  The  choice 
of  this  medium  does  not  dm  to  simulate  a  naturally  corrosive  environment  or 


one  created  in  an  industrial  setting. 


2.5  ICP-AES  Analysis 


The  spectrometer  used  was  a  Varian  Liberty  150  ICP-AES 
spectrometer  which  was  interfaced  with  Varian  Liberty  ICP-AES  2.11  data 
acquisition  and  analysis  system.  Figure  23  is  a  schematic  diagram  of  an  ICP- 
AEC  spectrometer  similar  to  the  one  used  for  this  research.  The  spectrometer 
was  calibrated  using  5  standard  solutions  ran^ng  in  concentration  from  0  to  10 
ppm  of  ions  of  the  metals  of  interest.  The  metals  that  were  scanned  for  were 
Fe,  Cr,  Ni  and  Mo  for  the  stainless  steel  and  AD™  coupons  and  Al,  Mg,  and 
Cu  for  the  AA  2024  coupons.  The  10  mis  of  inoculated  and  uninoculated  SRB 
growth  media  was  separated  into  8  mis  and  2  mis.  The  8mls  volume  under 
went  a  5:1  dilution,  then  was  scanned  for  Al,  Mg,  Cu,  Fe,  Cr,  and  Ni.  The  2 
mis  was  diluted  as  a  2;  1  ratio,  and  it  was  scanned  for  Mo. 

2.6  FT-IRM  Analysis 

The  FT-IRM  was  performed  using  a  bright  infrared  source  from  a 
synchotron  coupled  with  a  Spectra-Tech,  Inc.  IRps™  scanning  infrared 
microspectrometer.  First  spectra  was  collected  for  stainless  steel  coupons  that 
were  not  exposed  to  the  organic  acid  solutions,  to  acquire  a  background 
spertra  which  would  include  any  carbonaceous  contaminants  that  may  be  on 
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the  surface.  Secondly  the  organic  acid  exposed  samples  were  scanned,  and  the 
previously  collected  background  was  removed  and  the  data  saved  for  peak 
position  determination.  A  simplified  diagram  of  the  FT-IRM,  including  the 
scnchotron  light  source,  is  shown  in  figure  24. 

2.7  Ultra-Violet  Visible  (UV-Vis)  Analysis 

The  UV-Vis  spectrophotometer  used  in  this  analysis  a  HP  8453 
spectrophotometer.  It  is  microprocessor  controlled  and  the  data  collection 
software  is  HP  89532A  UV-Visible  ChemStation.  The  wavelength  range  was 
190  to  1100  nm  with  1  nm  resolution.  The  integration  time  was  0.5  s,  and  the 
standard  deviation  was  determined.  The  data  was  also  collected  and  analyzed 
using  the  UV-Visible  ChemStation  software.  A  schematic  of  the  UV-^^s 
Spectrophotometer  optics  are  illustrated  in  figure  25. 

100  mis  of  IM  concentrations  of  each  of  the  organic  acids  (lactic,  citric 
and  oxalic)  were  added  to  separate  250  ml  Erlenm^er  flasks.  5  g  of  Fe304  was 
added  as  a  solid  source  of  Fe’*  and  Fe**  ions.  The  solutions  were  filtered 

through  0.22  ^m  filters  and  analyzed  in  a  quartz  cuvette  with  a  I  x  1  cm^  cross 
section. 


31 


2.8  Citric  Acid  Photo-Reactivity 


Two  stainless  steel  304  coupons  prepared  as  stated  earlier,  were 
immersed  in  10  ml  of  a  O.IM  dtric  acid  solution,  for  5  days.  One  sample  was 
covered  with  an  opaque  beaker  while  the  other  was  exposed  to  a  100  W 
incandescent  light  source,  for  the  Ml  5  days.  Following  the  e}q)osure  the 
samples  were  removed  and  rinsed  in  distilled  water.  Both  samples  were 
analyzed  optically  and  with  XPS. 

2.9  SRB  Preparation 

The  SRB  research  was  performed  followng  the  flow  chart  in  figure  26. 
The  SRB  were  grown  in  a  modified  Postgate  medium  C”  the  exact  ingredients 
can  be  found  in  table  1.  The  modification  of  Postgates  media  included 
decreasing  the  amount  of  FeS04  by  half  for  the  purpose  of  decreasing  the 
amount  of  ferrous  iron  in  solution  so  that  the  SRBs  vwU  seek  out  another  Fe^* 
source,  specifically  the  stainless  steel  coupon.  10  mis  of  the  media  was 
dispensed  into  autoclaved  20  ml  serum  bottles,  leaving  the  remainder  of  volume 
for  gas  production.  Desulfovibrio  desuljurcans  (ATCC  7757  )  were  selected 
for  this  research  to  be  consistent  with  previous  research  performed  in  the  lab.^ 
Two  coupons  of  both  the  sttdnless  steel  304  and  AA  2024-T3  were  rinsed  in 
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ethanol  and  water  as  above,  then  immersed  in  the  media,  one  coupon  per 
bottle.  The  bottles  were  then  sealed  and  the  media  with  one  of  each  type  of 
coupon  was  inoculated,  the  others  were  kept  as  controls.  The  bottles  of 
inoculated  media  and  the  controls  were  both  incubated  for  5  days  at  28"  C.  On 
the  fifth  day  all  the  serum  bottles  were  enclosed  in  an  Ar  purged  glove  bag 
where  0.5  ml  samples  of  all  the  inoculated  cultures  and  one  control  were 
extracted  for  ceU  counts.  The  remaining  media  was  then  filtered  though  0.45 
pm  filters,  stored  and  labeled  for  ICP-AES  analysis.  The  coupons  were  rinsed 
in  deaerated  distilled  water  to  remove  the  excess  loosely  bound  biofilm.  The 
coupons  were  then  sealed  in  serum  bottles  for  XPS  analysis. 

The  stainless  steel  304  samples  were  prepared  according  to  ASTM 
standard  G  48-76”  for  cresdce  corrosion,  (  see  figure  27)  prior  to  exposure  to 
the  SKB  media.  Tlus  was  done  ance  MIC  is  known  to  sustain  localized 

corrosion.^’^’* 

The  microbiological  growth  was  determined  by  direct  enumeration  of 
the  cells  according  to  a  procedure  developed  by  Kepner  and  Pratt.*^  The 
samples  for  cell  counts  were  extracted  fi-om  the  serum  bottles  usmg  a  sterile 
pipette.  0.5  mis  of  the  inoculated  media  and  control  media  were  separately 
added  to  0.5  mis  of  formalin  and  sealed.  The  microbiolopcal  cells  were 
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dispersed  by  adding  0.01  M  Na^PPi  to  each  of  the  spedmens.  Next  the  cells 
were  stdned  with  a  water  fluorochrome  solution  (1.45  mis  ddonized  18  Mfl 
water  filtered  through  0.45  pm  filters,  20pl  of  10  pg/ml  DAPI  (4',6-diamidino- 
2-phenlindole)).  The  spedmens  were  vacuum  filtered,  the  filter  membrane  was 
then  removed  and  direct  cell  counts  were  done  fi'om  the  membrane.  The  cell 
counts  were  performed  by  epifluorescence  microscopy  using  a  Zdss  Anoskop 
optical  microscope  at  1250x  magnification. 
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Ill  Results 


3.0  Organic  Acid  Exposure  Results 

3.01  Electrochemical  Analysis 

All  the  polarization  plots  of  the  organic  acid  e?q)o$ed  stainless  steel  304 
coupons  showed  a  higher  current  density  at  the  primary  passivation  potential  (Ep) 
as  shown  in  figures  28,  29  and  30.  It  is  also  important  to  note  that  the  pitting 
potential  for  the  oxalic  acid  is  lower  than  that  of  the  stainless  steel  shown  on  figure 
29.  Although  the  citric  acid  exposed  sample  shown  in  figure  30  had  the  highest 
current  density  in  the  active  region  it  also  shows  a  higher  more  noble  passive 
region  than  the  unexposed  stainless  steel  sample.  From  these  results  h  was 
decided  that  XPS  should  be  performed  on  a  stainless  steel  coupon  before  and  after 
exposure  to  ascertain  how  the  organics  were  activating  the  metal. 

3.02  XPS 

Although  the  majority  of  coupons  showed  the  following  results,  there  were 
a  minority  that  showed  no  sigiuficant  change.  This  was  later  believed  to  be  due  to 
too  low  a  concentration  of  the  reactants  and  short  exposure  times.  Comparing  the 
iron  spectra  (figures  31,32,33,34,35,36)  of  the  as  poHshed  stainless  steel  versus 
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iron  spectra  after  organic  acid  exposure  it  is  obvious  that  all  samples  show  an 
increased  iron  metal  peak.  The  Cr  2p  spectra  in  figures  37,  38,  39,  40, 41  and  42 
showed  veiy  little  change  fi-om  the  organic  acid  exposure  and  certainly  no  change 
in  the  metal  peak  was  observed.  The  O  Is  spectra  was  then  examined,  figures  43, 
44  and  45  shows  that  there  is  either  an  decrease  in  the  amount  of  oxide  on  the 
surface  or  an  increase  in  the  amount  of  hydroxide  adsorbed  water.  The  nickel  2p 
spectra  can  be  found  in  figures  46, 47,  and  48  and  although  some  samples  show  Ni 
and  some  do  not  the  samples  are  self  consistent.  If  there  was  Ni  before  exposure 
there  was  Ni  after  and  also  if  the  was  no  Ni  before  after  is  none  after.  Relating  to 
the  issue  of  the  organic  acids  binding  to  the  stainless  steel  surface  the  C  Is  XPS 
spectra  was  examined  and  as  shown  in  figures  49,  50,  51,  52,  53,  and  54  there  is 
little  difference  between  the  as  polished  samples  and  those  exposed  to  the  organic 
acids.  It  is  also  important  to  note  that  there  were  some  samples  that  did  show 
more  carboxyl  organic  carbon  but  these  samples  were  not  consistent  enough  to 
report.  Since  the  electrochemical  data  suggested  the  possibility  of  the  adds  bang 
bound  to  the  surface  FT-IR  was  employed  as  an  additional  surface  analysis 
technique,  specifically  for  its  sensitivity  to  organic  bonds. 
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3.03  FT-IRM 


The  FT>IRM  spectra  shown  in  figure  55  is  indicative  of  all  the  all  the  steel 
coupons  analyzed  independent  of  which  add  to  wliich  it  was  exposed.  From  the 
literature  a  strong  adsorption  peak  is  expected  between  1700  and  1725  cm*‘  for  the 
carbon  oxygen  double  bond,  and  another  characteristic  peak  at  1250  cm'^  for  the 
carbon  oxygen  single  bond.” 

3.04  ICP-AES 

Table  6  presents  the  results  of  ICP>AES  analysis  of  the  orgatuc  acid 
solutions  after  the  exposures  of  the  stainless  steel  304  coupons.  The  only  metal 
detected  was  iron;  there  was  no  chromium  or  nickel  detected  in  any  of  the  acid 
solutions.  Table  6  also  includes  a  sample  of  the  deiomzed  water  used  for  the 
organic  acid  solutions,  none  of  the  metals  were  detected  in  the  deionized  water. 
From  the  amount  of  iron  detected  the  acids  range  fi’om  oxalic  bdng  the  most 
effective  to  citric  being  the  least  effective. 

The  ICP-AES  of  the  SRB  growth  media  only  detected  A1  in  solution  (4.6 
ppb  /  ml)  fi’om  the  AA  2024  exposed  to  the  uninoculated  growth  media  and  Mo  in 
solution  fi’om  both  the  "as  polished"  (9.25  ppb/ml)  and  "as  heat  treated"  (5.75 
ppb/ml)  uninoculated  A16x  stainless  steel  coupons. 
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3.05  UV-Vis 


Upon  visible  inspection  all  three  of  the  add  solutions  acquired  a  dnular 
green  tint.  The  position  of  the  absorption  peaks  are  presented  for  each  of  the 
organic  acids  in  table  7. 

3.1  Citric  Acid  Photo-Reactivity  Results 

After  the  5  day  exposure  the  citric  acid  solution  that  had  been  exposed  to 
the  incandescent  light  exhibited  a  lemony  odor  and  there  were  only  3  mis  of 
solution  left  in  the  beaker  since  the  rest  had  evaporated.  This  is  in  contrast  to  the 
solution  which  was  not  exposed  to  the  light  where  little  to  no  evaporation  was 
observed  and  the  solution  did  not  have  an  odor.  This  suggests  that  the  odor  was 
fi’om  a  compound  of  higher  vapor  pressure  at  room  temperature. 

There  are  significant  differences  between  the  XPS  data  collected  fi'om  the 
samples  exposed  in  light  and  dark  environments.  The  C  Is  spectra  (figures  56  and 
57)  for  both  the  light  and  dark  exposures  show  a  distinct  carbwq^lic  acid  group. 
The  Fe  2p3/2  spectra  toa  50*  (  figure  58)  shows  a  significant  difference  in  the  iron 
OTude  to  iron  metal  ratio;  the  sample  not  exposed  to  the  light  shows  a  higher  FeO 
and  Fe203  than  for  the  coupon  exposed  in  the  light.  The  Fe  2p3a  spectra  taken  at  a 
toa  of  20“  (figure  59)  have  a  much  higher  signal  to  noise  ratio  making  the  fitting 
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unreliable.  The  toa  20”  Fe  2p3/2  spectra  seems  to  show  a  higher  FeO  and  Fe203  to 
Fe  metal  spectra  for  the  light  exposed  sample,  basically  the  opposite  of  the  toa  50” 
data.  The  Cr  2p  spectra  (  figures  60  and  61 )  show  higher  Cr(OH)3  to  Cr203  fi’om 
the  light  exposed  coupon  in  comparison  to  the  coupon  not  exposed  to  any  light. 
The  Ni  spectra  (  figures  62  and  63),  as  for  all  the  spectra,  is  virtually  the  same 
for  both  the  light  and  dark  exposure  coupons. 

3.2  SRB  Exposure  Results 

The  "as  heat  treated"  stainless  steel  304  coupons  showed  visual  evidence  of 
microbial  corrosion  as  round  brown  iron  sulfide  nodules,  an  example  of  winch  can 
be  seen  in  Figure  64.  The  XPS  found  Fe,  C,  N,  O  and  S  as  the  predominant 
elements  on  the  "as  heat  treated"  steel  surface.  Figure  65  is  a  survey  XPS  scan  of 
a  1000  eV  wide  region  in  wWch  all  the  above  elements  can  be  seen.  The  high 
resolution  XPS  scan  of  the  Fe  2p  3/2  can  be  found  in  figure  66;  note  that  three  out 
of  the  five  Fe  species  found  on  the  surface  are  sulfides. 

The  AA2024-3  sample  reposed  to  the  unmoculated  SRB  growth  media 
showed  visible  signs  of  extreme  corroaon,  while  the  coupon  exposed  to  the  media 
contaning  bacteria  did  not.  The  coupon  exposed  to  the  SRB's  did  appear  to  have 
a  biofilm  adhering  to  the  surface  both  samples  can  be  seen  in  (figure  67).  The  XPS 
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spectra  of  the  AA  2024-T3  showed  the  presence  of  Cu  on  the  sur&ce  of  the  SRB 
exposed  coupon  and  not  the  coupon  exposed  to  the  media  only.  This  can  be  seen 
in  figure  68,  the  Cu  2p  3/2  XPS  spectra  for  both  the  SRB  inoculated  coupon  and 
the  coupon  exposed  to  the  media.  The  Mg  2s  XPS  spectra  showed  Mg  on  the 
surface  for  both  samples,  although  the  signal  was  stronger  for  the  inoculated 
coupon  (figure  69).  Neither  of  the  coupons  provided  a  detectable  S  2p  spectra,  as 
shown  in  figure  71.  The  A1 2p  XPS  spectra  (figure  72)  was  present  and  strong  in 
both  coupons  but  the  coupon  in  the  umnoculated  media  had  a  shoulder  on  the 
lower  binding  energy  side,  indicative  of  A1  metal. 

The  ICP-AES  analysis  of  the  uninoculated  media  and  the  SRB  inoculated 
media  was  only  able  to  detect  A1  m  solution  (  4.6  ppb  /  ml)  from  the  AA  2024 
coupon  which  was  eq>osed  to  the  uninoculated  growth  media. 

The  data  collected  from  the  direct  cell  counts  can  be  found  in  table  8.  All 
of  the  inoculated  solutions  grew  with  no  apparent  inhibition  or  acceleration  of  the 
microbiological  growth.  The  uninoculated  control  solution  showed  no  cells 
ensuring  that  all  precautions  to  sterilize  the  coupons  was  adequate. 
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IV  Discussion 


4.0  Organic  Acid  Exposure 

4.01  Electrochemistry 

The  activation  at  Ep  on  the  potentiodynamic  polarization  plot  by  the 
organic  acids  seem  to  alter  the  passive  film  in  such  a  way  to  make  the  metal  more 
soluble  and/or  less  able  to  passivate.  Since  all  the  samples  showed  similar  passive 
regions  to  the  unexposed  stainless  steel,  the  surface  activation  by  the  organic  acids 
seemed  to  vanish  during  the  active  passive-transition.  This  suggested  that  an 
organic  species  bound  to  the  surface  was  dissolved  fi-om  the  surface  during  the 
high  dissolution  rates  experienced  at  the  critical  current  density. 

4.02  XPS 

The  C  Is  spectra  (  figures  49,  50,  51,  52,  53  and  54)  did  not  show  any 
major  diflference  between  the  304  stainless  steel  coupons  that  were  exposed  to  the 
organic  acids  and  the  "as  polished"  304  stainless  steel  coupons.  This  either  means 
the  orgamc  species  that  were  expected  to  be  on  the  surface  after  the 
electrochemical  polarization  are  not  on  the  surface  or  the  organic  speaes  are  lost 
in  the  adventitious  carbon  spectra  of  the  XPS. 
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The  Fe  2pj/2  XPS  spectra  (figures  31,  32,  33,  34,  35  and  36)  for  the  metal 
coupons  which  were  nq)osed  to  the  organic  acids  for  5  minutes  prior  to  XPS 
analysis  showed  lower  FeO  and  Fe203  to  Fe  metal  ratio  than  for  the  unexposed 
metal  coupons.  This  may  be  explained  by  to  one  of  two  mechanisms:  one  udiere 
the  surface  oxides  and  hydroxides  are  dissolved,  thus  reducing  the  attenuation 
length  of  the  Fe  2p3/2  photoelectrons,  or  a  second  mechanism  in  which  the  metal  in 
the  surface  oxide  was  reduced  to  the  metallic  state.  The  second  mechanism  is  not 
thermodynamically  possible,  particularly  in  the  acidic  environment.  To  support  the 
first  mechanism,  the  O  Is  spectra  was  analyzed  for  changes.  Assuming  the 
adsorbed  water  on  the  coupons  to  be  constant,  the  O  Is  spectra  (figures  43,  44 
and  45)  shows  a  decrease  in  the  surface  oxides  of  the  organic  acid  exposed 
coupons  compared  to  the  "as  polished"  coupons. 

The  Cr  2p  XPS  spectra  (figures  37,  38,  39,  40,  41,  and  42  )  of  the  "as 
polished"  and  coupons  exposed  to  lactic,  oxalic  and  citric  acids  showed  no 
significant  differences.  This  is  of  some  concern  since  if  the  dissolution  of  the 
passive  film  allows  more  of  the  Fe  metal  photoelectrons  to  be  detected,  why  would 
the  same  effect  in  the  Cr  spectra.  This  is  probably  due  to  a  relatively  stronger  Cr 
metal  tignal. 
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The  Ni  2p3/2  XPS  spectra  (figures  46,  47  and  48)  showed  little  to  no 
change  fi’om  the  "as  polished"  to  organic  add  exposed.  This  was  also  surpridng 
dnce  as  with  the  Fe,  we  would  expect  to  see  more  of  the  Ni  metal  wWch  is  of 
highest  concentration  at  the  inter&ce  of  the  passive  film  and  the  metal  substrate. 

4.03  FT-IRM 

The  FT-IRM  (figure  55)  which  shows  no  evidence  of  carboxyl  groups  on 
the  coupons,  confirms  the  XPS  C  Is  data  which  was  also  unable  to  distinguish 
carboxylic  acids  on  the  coupon  surfaces.  Therefore  the  electrochenucal  activity  in 
figures  28,  29  and  30  is  apparently  due  to  the  removal  of  the  iron  oxides,  and  not 
the  presence  of  an  organic  acid  bound  to  the  surface  of  the  304  stdnless  steel 
coupons. 

4.04  ICP-AES 

The  ICP-AES  results  (table  6)  which  detected  Fe  in  solution  but  not  Ki  or 
Cr  agree  with  the  XPS  data  in  wWch  the  iron  oxides  were  observed  to  be 
dissolved.  Even  though  the  passive  film  can  be  as  much  as  30%  Cr  there  was  no 
Cr  detected  in  the  organic  add  solutions  suggesting  an  enrichment  of  Cr  spedes  on 
the  304  stainless  steel  surface. 
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4.05  UV-Vis 


The  greenish  tint  of  the  solutions  is  uuhcative  of  Fe^^  in  a  hydrated  state 
such  as  [Fe(H20)6]“*.  Therefore  if  the  orgamc  adds  are  complexing  the  Fe  ions, 
the  Fe^*"  ion  at  least  is  in  a  highly  hydrated  state  or  not  part  of  a  complex  at  all. 
From  table  7  the  adsoibance  peak  of  the  oxalic  add  at  961  nm  is  also  related  to  a 
highly  hydrated  Fe’^  ion.  Neither  of  the  other  adds  had  a  peak  in  this  position 
therefore  there  was  no  Fe**  complex  or  the  Fe**  was  much  less  hydrated.  The  later 
is  unlikely  since  if  there  was  no  ability  of  the  organic  acids  to  dissolve  the  Fe** 
species  the  XPS  would  have  more  likely  indicated  large  differences  in  the  FeO  and 
Fe203  spedes.  The  adsorption  peaks  at  for  the  citric  and  lactic  adds  correspond  to 
bonding  using  a  pair  of  electrons  from  the  hydroxyl  groups  which  the  oxalic  add 
does  not  have  (see  figure2). 

4.1  Citric  Acid  Photo-Reactivity 

The  Fe  2p3/2  XPS  spectra  at  toa  50“  (figure  58)  showed  higher  FeO  and 
Fe203  to  Fe  metal  ratio  for  the  dark  than  for  the  light  exposed  coupon.  Although 
it  had  a  high  signal  to  noise  ratio  the  toa  20°  spectra  (figure  59)  showed  the 
opposite  effect  for  the  FeO  and  FejOs,  which  were  higher  for  the  light  exposed 
coupon.  This  apparent  paradox  is  most  likely  due  to  islanding  of  the  oxides  in 
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light  exposed  coupon.  This  theory  is  supported  by  the  Wgh  agnal  to  noise  ratio  of 
the  20"  toa  particularly  for  the  light  exposed  coupon  vdiich  shows  the  noisiest 
signal  of  the  two  coupons.  The  high  agnal  to  noise  ratio  at  low  toa's  is  usually  due 
to  surface  roughness  h  is  the  surface  roughness;  that  causes  this  oxides  to  appear 
higher  for  the  light  exposed  coupon. 

The  Cr  2p  XPS  spectra  collected  at  toa  50"  (figure  60)and  20"  (figure  61) 
both  show  a  higher  Cr(OH)3  to  Cr203  ratio  for  the  stainless  steel  304  coupon 
exposed  to  the  citric  acid  in  light  compared  to  the  coupons  exposed  in  the  dark.  A 
low  signal  to  noise  ratio  is  also  apparent  for  the  toa  20  Cr  2p  spectra. 

In  both  cases  the  Cls  XPS  spectra  (figures  56  and  57)  carboxylic  acid 
groups  were  found  to  be  bound  to  the  metal  surface.  We  know  that  hydroxy- 
carboxylic  acids  such  as  dtric  add  are  able  to  react  with  other  dtric  add  molecules 
to  form  esters.  Therefore  it  is  possible  that  the  change  in  open  drciut  potential 
that  was  observed  by  Scandelbury  and  Bastidas^  was  due  to  the  esterification  of 
the  dtric  acid  occurring  on  the  steel  surface  and  the  activation  of  the  Cr  and  Fe. 
The  activation  or  the  Cr  can  be  seen  in  the  increase  in  Cr(OH)3  and  the  Fe 
activation  caused  dissolution  of  the  Fe.  It  is  important  to  recall  that  the  woik  done 
by  Scandelbury  was  performed  for  periods  up  to  27  days,  so  it  is  possible  we  are 
seeing  the  initiation  of  the  effect  he  has  reported.  As  detenruned  by  reviewing  the 
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results  from  the  5  minute  exposures  and  comparing  those  results  to  these,  the 
reason  for  not  detecting  the  acids  on  the  metal  surface  can  be  either  too  short  of  an 
exposure  of  too  low  concentration  of  the  organic  acid,  dther  of  these  leaving  a 
lack  of  coverage  of  the  organic  acid  on  the  steel  surface. 

4.2  SRB  Exposure 

Upon  initial  inspection  the  presence  of  Mg  discovered  by  the  XPS  Mg 
2s  (figure  69)  on  coupon  surfaces  may  be  surprising  since  MgO,  the  likely  form 
of  corroded  Mg,  is  soluble  in  water  and  would  therefore  dissolve  into  the 
solution.  Recalling  table  1  the  source  of  the  Mg  becomes  apparent;  MgS04  is 
one  of  the  Postgate  medium  C  ingredients.  The  presence  of  the  A1  metal 
spectra  in  the  Al  2p  XPS  spectra  (figure  71)  is  due  to  the  aggressive  corrosion 
of  the  coupon  from  the  uninoculated  media  which  caused  the  coupon  sur&ce  to 
become  much  rougher  than  h  was  prior  to  exposure.  It  is  this  roughness  that 
also  accounts  for  the  lack  of  Cu,  detected  by  the  Cu  XPS  spectra,  (  figure 
68)  on  the  uninoculated  coupons  surface.  The  uninoculated  growth  media  may 
have  even  preferentially  attacked  the  CuAli  rich  regions,  etching  troughs  and 
shielding  any  Cu  that  may  still  be  present  from  detection  at  the  take  off  angle  of 
the  analysis. 

In  the  ICP-AES  of  the  inoculated  and  uninoculated  postgate  growth 
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media  C  in  which  the  stainless  steel  and  JVD^  coupons  were  exposed,  the 
only  metal  detected  was  Mo  from  the  both  the  "as  poUshed"  and  "as  heat 
treated"  AI6x  coupons  exposed  to  the  uninoculated  media.  No  Mo  was 
detected  for  the  JVD™  coupons  even  though  th^r  contain  approximately  twice 
the  amount  of  Mo  that  the  A16x  coupons  do.  This  suggests  there  is  a  critical 
amount  of  Mo  between  that  of  the  A16x  and  the  samples  which  greatly 

enhances  the  corrosion  characteristics  of  a  material.  The  virtually  iron  free 

passive  film  of  the  JVD^  coupon  “  seems  to  prevent  both  SRB  and  organic 
acid  attack  of  the  surface. 

Since  we  know  molybdate  inhibits  the  growth  of  SRB's,  it  is  expected 
that  table  8  would  show  differences  corresponding  to  the  content  of  Mo  in  the 
coupons  exposed  to  the  SRB's.  The  fact  that  there  is  no  significant  difference 
between  the  numbers  of  ceUs  found  in  each  of  the  SRB  inoculated  solutions 
suggests  that  the  molybdate  produced  as  a  corrosion  product  of  these  stainless 
steels  and  "stainless  steel  like"  coupons  is  not  adequate  to  deplete  the  ADP 
pool  of  the  SRB's. 

The  survey  XPS  scan  (figure  65)  of  the  "as  heat  treated'  stainless  steel 
304  coupons  which  were  exposed  to  the  desulfovibrio  desulfuriams 
media  showed  large  amounts  of  Fe.  O,  S,  N,  and  C  on  the  coupons  surfece. 
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The  Fe  2p3/2  XPS  spectra  detected  various  sulfidized  iron  species  (figure  66). 

This  agrees  with  the  previous  work  performed  done  in  this  lab  on  "as  polished" 
304  stunless  steel  coupons.^® 

4.3  Exopolymer  Exposure 

On  establishing  that  XPS  can  be  a  suitable  technique  for 
mvestigatmg  cells  and  biomass,  a  study  of  the  attachment  of  extraceUular 
polymers  to  the  molybdate  anion  was  initiated.”  There  were  three  reasons  for  this 
mteraction  to  be  chosen.  The  first  was  that  molybdate  is  often  present  in  the  outer 
portions  of  the  passive  film  formed  on  Mo  bearing  stainless  steels.  Therefore  it  is 
relevant  to  any  binding  of  the  exopolymer  to  the  steel.  Secondly,  molybdate  is  a 
powerftil  corrosion  inhibitor  which  imparts  pitting  resistance  to  austenitic  stainless 
steels  and  appears  to  control  the  level  of  hydration  of  the  passive  film.”  Finally  in 
a  microbiological  consortium,  there  is  a  need  to  understand  the  ability  of 
molybdate  to  inhibit  the  growth  of  SRB’s.  as  reported.”  Any  influence  on  the 
chemical  state  of  Mo  due  to  binding  to  the  exopolymer  may  be  expected  to  afifect  a 
change  in  the  pitting  resistance  of  the  steel.  In  this  study  exopolymer  was 
extracted  fi-om  Delaya  pseudomonas)  marina.  Two  samples  were  prepared:  one 
containing  extraceUular  proteins  and  the  other  free  of  proteins.  Concentrations 
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from  0.01  and  0.05  M  sodium  molybdate  were  added.  The  details  of  this  research 
can  be  found  in  appendbc  1.  The  molybdate  was  reduced  to  a  pentavalent  state 
only  in  deaerated  and  proteinated  exopolymer.  This  was  first  shown  by  XPS 
spectra  (figure  72a)  and  then  confirmed  by  dectron  spin  resonance.’^  These 
experiments  were  repeated  with  molybdate  that  had  been  adsorbed  onto  304 
stainless  steel  (figure  72b)  and  subsequently  immersed  in  a  deaerated  solution  of 
the  exopolymer  contMning  proteins,  as  shown  in  figure  72c.  The  initial  molybdate 
adsorption  was  not  accompanied  by  any  reduced  form  of  molybdenum,  whereas 
both  tetravalent  and  pentavalent  forms  of  molybdenum  resulted  from  the  binding  of 
the  exopolymer  to  the  steel.  A  sulfur  spectrum  was  observed  for  the  exopolymer 
containing  protein  but  not  for  the  deproteinated  exopolymer.  This  indicated  that 
the  source  of  the  sulfur  may  be  cysteine  containing  proteins.  As  shown  in  figure 
73,  cysteine  contains  an  hydrophobic  sulf-hydryl  group  (-SH)  which  on  oxidation 
with  other  cysteine  residuals  forms  cystine,  a  disulfide  head  group  (  -S-S* )  capable 
of  binding  to  metal.  The  literature  suggests  that  intraceUular  proteins  usually  lack 
disulfide  bonds  whereas  extracellular  proteins  do  not.’’  XPS  analysis  of  the  sulfur 
and  molybdenum  showed  an  inverse  relationship  in  their  agnal  intensities.  This 
ruses  the  possibility  that  pentavalent  and/or  tetravalent  molybdenum  may  be  bound 
to  a  disulfide  head  group  in  one  of  the  extracellular  proteins,  thus  providing  the 
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necessary  attachment  mechanism.  This  mechanism  was  later  supported  by  in  situ 
UV.Visible  spectroscopy  of  an  aqueous  solution  of  cysteine  doped  with  molybdate 
araons  which  yielded  an  absorbance  peak  characteristic  of  a  Mo(V)  -  S  complex." 
Subsequent  electrochemical  analysis  of  the  steel  attached  to  the  exopolymer  in 
deaerated  O.IM  HCl  indicated  that  the  amount  of  molybdate  reduced  by  the 
exopolymer  was  insufficient  to  significantly  reduce  pitting  resistance.  TTiis  does 

suggest  that  cysteine-containing  exopolymers  may  prevent  molybdate  inhibition  of 
SRB  growth. 
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V  Conclusions 

•  The  lactic,  oxalic  and  citric  adds  activate  stainless  steel  surfaces  by 
dissolving  iron  ojddes  from  the  stainless  steel  304  passive  film.  The  iron  in 
solution  can  then  be  used  as  a  food  source  for  microbial  colonies. 

•  Citric  acid  has  photo-corrosive  characteristics  and  in  high  enough  (0. 1  M) 
concentration  binds  to  stdnless  steel  surfaces  independent  of  the  presence  of 
light.  Citric  acid  in  the  presence  of  light  more  actively  dissolves  the  iron 
oxides,  hydrates  the  chromium  and  possibly  even  reacts  to  form  another 
organic  molecule  (  an  ester). 

•  In  comparison  to  the  uninoculated  Postgate  media  C,  v^diich  contains 
among  other  things  lactate  and  dtrate  salts,  the  SRB  inoculated  media  is  less 
corrosive.  This  is  due  to  the  microbial  production  of  a  biofilm  which  acts  as  a 
barrier  between  the  aggressive  salts  and  aluminum  surface. 

•  The  presence  of  Mo  in  a  stainless  steel  or  "stainless  steel  like"  coating  has 
no  effect  on  the  short  term  growth  rate  of  SRB's.  however  ,  a  high  Mo 
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stainless  steel  coating  with  a  neariy  Fe  free  passive  film  has  been  found  to  resist 
SRB  and  organic  add  attack  of  the  sur&ce. 


m. 


VI  Future  Research 

6.0  Organic  Acid  Exposure 

The  future  research  should  focus  on  two  most  interesting  questions 
remaining.  One  is  the  possible  enrichment  of  the  surfece  of  Cr  species.  The  fact 
that  we  do  not  see  a  Cr  metal  signal  as  we  do  Fe  metal  increase  suggests  that  the 
surface  may  be  enriched  with  Cr.  The  other  is  to  pursue  other  engineering  metals 
and  aUoys.  For  example  there  has  been  evidence  from  Lyberatos  and  Kobotiatis** 
that  oxalate  ions  protect  A1  in  Cl  environments.  Additionally  the  promising  nature 
of  the  high  Mo  systems  suggests  interesting  research  possibilities. 

6.01  Electrochemical  Analysis 

Due  to  the  limited  detailed  information  acquired  from  the  electrochemical 
analysis  the  future  of  this  type  of  research  should  consist  of  surveying  various  acids 
for  possible  attack  of  the  as  polished  passive  film.  These  experiments  should 
include  exposing  the  stainless  steel  coupons  to  other  acids,  orgarac  acids  and 
inorganic  acids. 

6.02  XPS  Analysis 

The  ability  of  the  XPS  to  detect  species  undetectable  to  the  FT-IRM  makes 
the  XPS  the  suggested  tool  for  determining  if  exposures  of  the  organic  adds  to 
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other  metals  have  an  effect  and  what  are  the  organics  doing  to  the  sur&ce.  This  is 
the  suggested  tool  to  use  when  exposing  the  organic  adds  to  pure  metal 
constituents  like  Cr  to  determine  what  is  the  effect  of  the  Cr. 

6.03  FT-IRM 

Since  the  FT-IRM  had  not  even  been  able  to  detect  the  Citric  add  on  the 
surface  on  the  surface  of  the  light  and  dark  dtric  acid  samples  the  continuation  of 
this  as  a  viable  analysis  technique  is  based  on  the  need  for  a  grazing  angle  objective 
lens  which  can  be  used  to  acquire  IR  data  with  monolayer  surface  sensitivity.  With 
such  an  objective  or  possibly  higher  solution  concentrations  this  technique  could 
be  used  to  determine  the  edstence  and  structure  of  chelated  surface  spedes.*^ 

Standard  solution  FT-IR  spectroscopy  could  be  used  to  replace  UV-Vis  as 
the  chelate  or  complex  determining  technique. 

6.04  ICP-AES  Analysis 

This  tedmique  whh  its  excq)ticnal  detecticxi  limits  make  it  a  useful 
complementary  technique  for  the  XPS  analysis  since  it  analyses  the  solution  not  the 
sui&ce 
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Appendix  I 

Metal  Ion  and  Exopolymer  Interaction:  A  Surface  Analytical 
Study* 

G.  Chen,  S.  V.  Kagwade,  G.  E.  French,  T.  E.  Ford,  R.  MitcheU,  and  C.  R.  Clayton 

Abstract 

Various  concentrations  of  molybdate  (M0O4*')  were  added  to  the  protein- 
containing  and  deproteinated  exopolymers  of  the  marine  bacterium  Delcya  marina. 
Interaction  was  investigated  using  x-ray  photoelectron  spectroscopy  (XPS)  and 
electron  spin  resonance  (ESR).  Mo04^'  reduction  was  observed  exclusively  in  the 
deaerated  protein-containing  exopolymer,  resulting  in  the  formation  of  a  Mo 
species.  This  species  appeared  susceptible  to  reoxidation  in  the  presence  of 
soluble  oxygen.  Only  hexavalent  molybdenum  (Mo*"^  was  seen  in  the  aerated 
suspension.  The  reducing  agents  may  have  been  the  residual  proteins  that 
remaned  in  the  exopolymer  without  subsequent  deproteination. 

i  G.  Chen,  S.V.  Kagwade,  G.  French,  T.  E.  Ford,  R.  Mitchell  and  C.  R. 
Clayton,  Metal  Ion  and  Exopolymer  Interaction:  Surface  Analytical  Study, 
Corrosion,  NACE,  52,  12,  p  891,  (1996) 


The  influence  of  this  reduction  on  corrosion  resistance  of  Mo-bearing  stainless 
steels  (SS)  was  simulated  with  an  austenitic  type  304  SS  (UNS  S30400),  whose 
surface  was  treated  with  Mo04^'  before  oqmsure  to  the  exopolymer.  In  addition 
to  formation  of  the  Mo’*^  species,  a  small  amount  of  molybdenum  dio»de  (M0O2) 
was  detected,  and  hydration  of  the  passive  film  increased.  No  evidence  was  found 
to  indicate  the 

exopolymer  attachment  compromised  corrosion  resistance  of  the  SS  in  deaerated 
0. 1 M  hydrochloric  acid  (HCI). 

Introduction 

As  the  importance  of  biofilms  in  microbiologically  influenced  corrosion 
(MIC)  has  become  more  understood.  Interactions  between  bacterial  exopolymers 
and  metal  substrata  have  received  considerable  interest  fi'om  nucrobiologists  and 
material  scientists.  Exopolymers  comprise  the  outermost  extracellular  polymeric 
envelope  of  many  types  of  bacteria.  They  contribute  a  structural  component  to  the 
biofilm,  providing  the  basis  for  bacterial  attachment  to  a  substratum.*^ 
Exopolymers  protect  the  bacteria  and  may  influence  uptake  of  ions  and  molecules 
into  the  microorganisms  The  binding  ability  of  an  exopolymer  to  a  metal  ion 
may  be  an  important  factor  in  adhesion  of  the  biofilm  to  a  metal  substratum  and 


may  detennme  its  ability  to  attract  and  assimilate  metal  ions  from  the  substratum 
and  media  .’■* 

The  objective  of  the  present  work  was  to  study  interaction  of  the 
exopolymer  of  a  marine  bacterium,  Deleya  (Pseudomonas)  marina,  with 
molybdate  (Mo04^' )  a  group  VI  orqranion. 

Assimilation  of  trace  metal  ions  by  D.  marina  is  of  the  order:  Fe  >  Cd  >  Cu 
>  Zn  >  Pb  >  Ni  =  Mn  3’ Interaction  of  metal  ions  with  the  crude  exopolymer  of 
this  bacterium,  as  measured  by  their  maximum  binding  abilities,  varies  in  a  different 
order:  Mn  >  Cu  >  Ni  >  Fe.  This  interaction  does  not  take  place  once  the 
exopolymer  is  purified  by  deproteination.  Therefore,  the  interaction  is  attributable 
to  species  that  may  be  removed  during  deproteination,  including  functional  amino 
groups  and  residual  proteins.^ 

In  the  present  work,  x-ray  photoelectron  spectroscopy  (XPS),  electron  spin 
resonance  (ESR),  and  electrochemical  methods  were  used  to  study  interaction  of 
the  exopolymer  with  Mo04"-.  XPS  provides  information  about  the  electron- 
transfer  process  of  the  interaction  through  valence  state  analysis.  The  unique 
feature  of  ESR  is  its  ability  to  identify  unpaired  electrons.  ESR  was  used  to 
characterize  the  products  and  confirm  XPS  observations  of  odd  valence  states. 
Concentrations  of  Mo04^  from  0.01  M  to  0.05  M,  were  added  to  protem- 
containing  and  deproteinated  exopolymers  to  determine  if  reduction  would  occur. 


Subsequently,  «.stenitie  SS,  type  304  SS  (UNS  S30400),  was  suiftce-treated 
with  MoOA  exposed  to  the  exopolynter.  and  characteriaed  using  XPS.  Surface 
changes  induced  by  the  exopolynter  were  characteriaed  by  potentiodynanuc 
polarization  in  deaerated  O.IM  hydrochloric  acid  (HCI). 

M0O4*  species  were  found  to  be  present  in  the  outer  region  of  the  passive 

film  formed  on  Mo-bearing  SS,  where  it  is  believed  that  Mo04^-is  most  effective  in 

repelling  the  ingress  of  chloride  ions  (Cf),  which  are  powerful  producers  of  pitting 
corrosions. 

Experimental 

Preparation  of  the  Exopolymer 

D.  marim  (ATCC  25374)  was  obtained  from  the  American  Type  Culture 
CoUection  in  Rockville,  Maryland.  The  culture  was  maintained  on  slants  of  marine 
agar  2216  and  stored  at  .20“C  in  glycerol.  For  exopolymer  extraction,  bacteria  in 
batch  cultures  were  grown  to  stationary  phase  (A«o  =  2.7)  in  a  defined  minimal 
medium  with  glucose  as  the  C  source.  Once  the  batch  cultures  reached  stationary 
stage,  they  were  centrifuged  at  20,000  ipm  for  20  min  to  separate  ceUs  from 
extraceUular  material.  The  supernatant  was  filtered  through  sterilized  0.2-pm 
filters  and  then  concentrated  in  a  stirred  ultrafiltration  cell  with  a  nominal 


molecular  weight  (MW)  cutoff  of  5,000.  The  concentrated  supernatant  was 
precipitated  with  three  volumes  of  95  vol%  ethanol  and  stored  at  4*C  for  24  h. 
The  precipitate  was  collected  through  centrifugation,  dissolved  in  deionized  water 
(18.2  Mfi),  and  dialyzed  extensively  with  deionized  water  before  lyophilization. 

The  lyophilized  solution  product  was  considered  crude  exopolymer  (protein- 
containing). 

For  subsequent  deproteination,  extraction  was  used  to  remove  lipids, 
foUowed  by  extensive  dialysis  with  deionized  water.  Deproteination  was 
conducted  several  times  with  chloroform  and  isopropanol,  followed  by  extensive 
dialysis.  The  deproteinated  exopolymer  then  was  lyophilized.  Crude  and 
deproteinated  exopolymers  were  stored  in  a  dessicator  before  experimentation. 
Chemical  analysis  of  the  exopolymer  has  been  reported  elsewhere.^*^ 

Addition  of  Mo04^'  to  the  Exopolymer 

Rehydration  and  sample  preparation  were  performed  in  a  nitrogen  (N2)  - 
purged  glove  bag.  Deionized  water  was  deaerated  by  boiling  and  purging  with 
ultra  high-purity  N2  at  least  20  min,  cooled  on  ice,  and  placed  in  the  glove  bag. 
Exopolymer  (1  mg  [0.000035  oz])  was  dissolved  in  0.1  mL  (0.003  oz)  deaerated 
deionized  water.  Sodium  molybdate  (NajMoOO  solution  was  deaerated, 


transported  into  the  glove  bag,  and  pipetted  into  three  aliquots  of  the  exopolymer 
to  give  final  concentrations  of  0.  01  M.  0.02  M,  and  0.05  M  Mo04^  Aerated 
suspension  was  prepared  without  deaerating  deionized  water  and  the  Mo04^- 
solution.  Both  suspension  types  were  allowed  to  equilibrate  for  4  h  and  then 
dropped  onto  a  1-cm^  (0.  16-in.  1)  piece  of  Si  wafer  that  had  been  rinsed  in  5% 
hydrofluoric  acid  (HF)  solution  to  remove  the  surface  oxide  and  then  rinsed 
thoroughly  in  deionized  water.  As  soon  as  a  droplet  started  to  dry,  it  was  rinsed 
using  deaerated  deionized  water  to  obtain  a  relatively  thin  exopolymeric  film.  The 
film  was  dried  overnight  in  Nj  before  XPS  analysis.  Ti  (99.99%)  coupons  were 
polished  to  a  6-pm  diamond  finish,  ultrasonically  degreased  in  acetone,  and  rinsed 
m  deionized  water.  These  coupons  were  used  in  place  o  the  Si  wafer  to  investigate 
the  influence,  if  any,  of  the  substrata. 

Processing  of  Type  304  SS  Samples 

Composition  of  the  type  304  SS  was  (wt%):  69.62%  Fe,  19.27%  Cr, 
8.49%  Ni,  0.35%  Mo,  1.77%  Mn,  0.41%  Si,  0.031%  P,  0.008%  S,  and  0.053%  C. 
FoUs  (  1  -mm  [0.04-in.]  thickness)  were  cut  into  1-cm^  coupons,  annealed  at 
1,080*0  for  1  h  in  an  evacuated  quartz  tube,  and  quenched  in  water.  The 
quenching-stabilized  coupons  were  polished  to  a  6-gm  diamond  finish  and 


degreased  ultrasonically  in  acetone.  For  XPS  analysis,  the  coupons  were  surface 
treated  with  M0O4*'  and  exposed  to  the  exopolymer  directly.  For  electrochemical 
characterization,  the  coupons  were  mounted  onto  polymethyl  methaciylate 
(PMMA)  sample  holders  2  cm  by  1.5  cm  by  0.5  cm  (0.096  in.3)  u^g  epoxy  rean 
before  the  Mo04^*  treatment  and  exposure.  Connecdon  from  the  electrode  to  the 
potentiostat  was  made  using  a  Cu  wire  placed  between  the  sample  and  the  PMMA 
block  and  passing  through  an  8-mm  (0.32*in.)  outer-diameter  glass  tube  mounted 
on  the  PMAM  block.  Both  sample  types  were  placed  in  a  N2  filled  glove  box. 
Samples  were  rinsed  thoroughly  in  deaerated  deionized  water  and  immersed  in 
deaerated  0. 1  M  Mo04*^  solution  for  2  h.  After  the  surface  Mo04^‘  treatment,  they 
were  rinsed  with  deaerated  deionized  water  and  dried  by  blowing  N2  over  the 
surface.  A  droplet  of  the  exopolymer  suspension  was  placed  on  each  sample,  and 
the  samples  were  left  in  a  sealed  glass  flask  for  12  h.  The  samples  then  were 
processed  for  XPS  and  electrochemical  characterization  under  two  surface 
conditions,  one  being  thoroughly  rinsed  with  deaerated  deionized  water  and  the 
other  unrinsed. 

In  addition  to  those  samples,  another  type  of  sample  was  prepared  by  direct 
exposure  to  the  protein-containing  exopolymer  for  5  min  to  study  the  effect  of  the 
adsorbed  exopolymer  on  electrochemical  behavior.  The  quenching-stabilized 
coupons  were  polished,  rinsed,  and  mounted  on  the  PMMA  sample  holders.  They 


were  placed  in  the  glove  box,  nnsed  with  deaerated  deionized  water,  <ir>d  immersed 
in  the  deaerated  exopolymer  suspension  for  5  min,  under  two  conditions:  without 
disturbance  and  stirred  mechanically  to  aid  in  adsorption. 

XPS 

A  VG  Scientific  ESCA  3  Mark  n  XPS  Electrometer  was  used  for  the 
analysis.  The  spectrometer  was  controlled  using  a  VGX900  interface  and  data 
acquisition  software.  The  samples  were  transported  into  the  XPS  chamber  in  an 
Ar-purged  glove  bag.  The  vacuum  was  maintained  below  4x1*®  torr.  To  prevent 
outgassing,  liquid  N2  cooling  was  provided.  An  A1  Ki  x-ray  source  (1,486.6  eV, 
400  W)  was  used  to  provide  a  full  width  at  half  maximum  (FWHM)  of  1.35  eV  for 
Au  4f7/2.  The  entrance  and  exit  slit  widths  were  set  at  4  mm  (0.  16  in.).  Analyzer 
energies  were  set  at  100  eV  for  wide-survey  scans  and  20  eV  for  region  scans. 
Charge  shifting  was  corrected  with  the  adventitious  C  Is  line  at  284.6  eV.  Spectra 
were  obtained  at  several  photoelectron  takeofiT  angles,  ranging  from  20'  to  50'  with 
respect  to  the  sample  surface.  Nonlinear  least-square  curve  fitting  was  performed. 
Parameters  included  the  Gaussian/ Lorentaan  ratio,  constant  tail  ratio,  exponential 
tal  slope,  and  constant/exponential  tail  mixing  ratio.  Background  subtraction  was 
performed  using  the  Shirl^r  method.*’  Peak  subtraction  and  secondary 
difterentiation  aided  in  peak  identification.’^**  Peak  parameters  used  as  standards 


V 


were  obtained  with  the  pure  elements  and  compounds  using  the  same  spectrometer 
settings  (Table  1). 

ESR 

An  X-band  Varian  E-  12  ESR  spectrometer  was  used.  The  microwave 
frequency  was  set  at  9.51  GHz,  and  the  magnetic  field  was  scanned  to  find  the 
resonant  condition  for  the  given  species.  The  suspension  containing  0.02  M 
Mo04^  was  cooled  with  liquid  N2  to  a  temperature  of  IT  K  during  analysis. 

Suitable  standards  for  Mo**  were  analyzed,  yielding  characteristic  g  values  under 
the  same  conditions.*’*** 

Electrochemical  Characterization 

A  Gamiy  CMS  100  potentiostat  was  used  for  electrochemical 
characterization.  The  experiment  was  conducted  in  the  glove  box  at  room 
temperature,  using  a  1-L  Greene  cell  and  a  saturated  calomel  reference  electrode 
(SCE).  Counter  electrodes  were  made  of  Pt  wires  1-mm  (0.039  in.)  in  diameter. 
The  0.1  M  HCI  solution  was  deaerated  in  the  Greene  cell  at  least  2  h  before  the 
working  electrode  was  inserted.  Potentiodynamic  polarization  started  at  a  sweqi 
rate  of  1  mV/s  from  the  open-circuit  potential.  Cathodic  surface  conditioning  was 
not  applied  to  avoid  the  influence  of  cathodic  reactions  on  the  surface.  This  test 


simulated  typical  pitting  conditions  in  a  local  area  associated  with  a  low  pH  and 
high  Cr  content. 

Results  and  Discussion 

XPS  Analysis  of  the  Mo042— Doped  Exopolymers 

The  wide  scan  qualitatively  revealed  that  the  exopolymer  consisted 
primarily  of  C,  O,  N,  Ca,  Si,  and  S.  Ca,  Si,  and  S  signals  were  detectable  only  in 
the  protein-containing  exopolymer  (Figure  1).  The  S  signal  indicated  a  possible 
disulfide  bond,  which  is  seen  often  in  extracellular  proteins,*®  whereas  Si  may  have 
been  a  contaminant.  The  spectra  showed  a  certsun  amount  of  charge  shifting, 
compared  to  results  of  previous  work  where  the  surface  charge  was  neutralized 
with  an  electron  flood  gun.’  The  binding  energy  (BE)  difference  between  the  C  Is 
in  the  present  work  and  that  with  the  electron  flood  gun  was  ~2.3  eV,  equal  to  the 
BE  difference  of  the  other  component  peaks  in  the  two  investigations.’ 

Figures  2(a)  and  (b)  show  the  Mo3d  photoelectron  q)ectra  fi’om  the 
deaerated  and  aerated  protein-containing  exopolymers  doped  with  0.02  M  Mo04^. 
Reduction  of  Mo04^‘  to  Mo*\  took  place  only  in  the  deaerated  protein-containing 
exopolymer.  The  residual  hexavalent  Mo  might  have  existed  as  Na2Mo04,  and 
molybdenum  trioxide  (M0O3)  and/or  molybdic  add  (Hj  M0O4).  M0O3  and 
H2M0O4  were  fitted  into  one  peak  because  their  BE  values  were  very  close  (Table 


1).  The  absence  of  Mo**  in  the  Mo3d  spectra  of  the  aerated  sample  indicated  its 
susceptibility  to  oxidation  when  soluble  O  was  present.  Addition  of  Mo04*‘ 
substantially  decreased  the  S  signal,  while  the  Mo  agnal  also  was  reduced.  This 
indicated  interaction  between  Mo04^‘  and  S  species  in  the  exopolymer.  The  fact 
that  the  Mo  and  S  agnals  were  reduced  suggested  formation  of  two  possible 
products,  a  high-vapor  pressure  product  that  evaporated  in  the  spectrometer 
chamber  or  a  cluster  of  Mo  and  S  compounds  attenuating  emission  of  the 
photoelectrons.  The  deaerated  deproteinated  exopolymer  did  not  reveal  tWs 
reduction  effect  when  Mo04^*  was  provided.  Spectroscopic  features  of  the  other 
major  component  peaks,  such  as  C  Is,  O  Is  and  N  Is,  did  not  show  obvious 
differences  from  those  of  the  protein-containing  exopolymer.  Therefore,  the  major 
functional  groups  of  the  exopolymer  most  likely  were  not  the  reducing  agents.  It 
was  postulated  in  previous  work  that  the  binding  moieties  to  the  metal  ions 
probably  were  the  functional  amino  groups  and  residual  proteins  from  the  biomass 
that  remained  in  the  crude  exopolymer  prior  to  subsequent  deproteination 
processing.^  Present  results  indicated  this  reduction  more  likely  was  caused  by  the 
residual  proteins,  and  specifically,  by  the  sulfide  groups.  Enzymatic  interactions  of 
S-containing  proteins  with  Mo  and  their  influence  on  microbial  metabolism  have 
been  recognized.^* 


Reduction  ofMo04^*  resulted  in  a  decrease  in  charging  by  1.1  eV  figures 
2  [a]  and  [b]).  From  the  charge  shifting  only,  h  was  difBcult  to  derive  any 
information  regarding  molecular  changes  in  the  exopolymer  induced  by  the 
reduction  since  no  characteristic  changes  were  seen  in  the  spectra  of  C  Is,  O  Is, 
and  N  Is.  The  decreased  charge  shifting  may  have  resulted  fi’om  the  decrease  in 
the  relative  proportion  of  Mo04'^  A  pure  Na2Mo04  standard  usually  showed  4-eV 
charge  shifting  toward  the  high  BE  side  because  of  its  insulating  nature. 

The  influence  of  Mo04^*  concentration  on  the  interaction  was  studied  using 
the  deaerated  suspensions  containing  0.01  M,  0.02  M,  and  0.05  M  Mo04^'.  The 
most  remarkable  reduction  was  seen  in  0.02  M  Mo04^  in  terms  of  the  relative 
proportions  of  peak  areas.  An  increase  of  Mo04*‘  concentration  did  not  increase 
the  degree  of  reduction,  indicating  the  amount  of  the  reducing  agents  was  limited. 
The  reduction  process  ended  once  the  reducing  agents  were  consumed. 

ESR  Analysis  of  the  M0O4**  Doped  Exopolymer 

The  reduction  of  Mo04^'  in  the  deaerated  protein-containing  exopolymer 
was  confirmed  by  ESR  analyas  (Figure  3).  The  corresponding  g  factor  was  1.969, 
close  to  g  values  of  Mo**  found  in  Mo-containing  enzymes.®'^  In  contrast,  no 
Mo04^’  reduction  was  found  in  the  deproteinated  exopolymer,  v^ch  was 
consistent  with  XPS  results. 


To  distinguish  the  role  of  the  substratum  in  the  reduction,  siinilar  studies 

were  perfoimed  with  the  Ti  coupons.  Reduction  of  Mo04^'  also  occurred.  Tliere 

was  no  evidence  to  suggest  the  selected  substrata  played  a  role  in  the  reduction 
process. 

Eiopolymer-Indnced  Reduction  of  Mo04^  on  the  Surface  of  Type 
304  SS 

The  reduction  effect  of  the  exopolymer  raised  the  issue  of  whether  the 
corrosion  resistance  of  Mo-bearing  SS  was  compromised  by  attachment  of  the 
exopolymer,  since  externally  bound  MoO^  salts  are  effective  pitting  inhibitors  in 
Cr  containing  media.  The  interaction  was  investigated  using  the  M0O4"-  treated 
type  304  SS  to  simulate  the  surface  condition  of  Mo-bearing  SS,  such  as  type  316 
SS  (UNS  S3 1600),  but  without  the  interference  of  a  constant  source  of  Mo  from 
the  alloy.  Samples  were  immersed  in  0.1  M  Na2Mo04  for  2  h,  rinsed,  and 
analyzed  by  XPS  before  and  after  exposure  to  the  exopolymer. 

Mo04^*  surface  treatment  of  type  304  SS  resulted  in  formation  of  ferrous 
molybdate  (FeMo04).  The  ^ectra  of  Mo  3d  showed  the  existence  of  Mo04^  on 
the  steel  surface  (Figure  4[a]).  Li  contrast  to  the  remarkable  charge  Li  the 
Mo  3d  spectra  of  the  Na2Mo04,  standard,  the  spectra  revealed  little  charging  and 
indicated  close  contact  of  the  molybdate  to  the  steel  substratum.  No  Na  signal  was 


detectable.  The  Fe2P3/2  ^>ectra  revealed  formation  of  FeMo04  «^ft!»ociated  with  a 
significant  decrease  in  relative  proportions  of  ferrous  oxide  (FeO)  and  ferric 
oxyhydroxide  (FeOOH)  usually  existing  on  the  surfece  of  a  freshly  polished 
coupon  (Figure  5[a])." 

The  Cr2p  spectra  essentially  remained  unchanged  (Figure  6[a]),  and  Ni 
remained  in  its  metallic  form.^^  Relative  proportions  of  the  metal  element  on  the 
surface  are  given  in  Table  2.  There  was  a  certain  degree  of  depletion  of  Fe  and 
enrichment  of  Cr,  particularly  in  the  outer  region  of  the  surface. 

After  the  Mo04^'  treated  surface  was  exposed  to  the  deaerated  protein- 
containing  exopolymer,  XPS  analysis  was  performed,  and  the  relative  proportions 
of  the  surface  metal  elements  were  calculated  (Table  2).  The  surface  Mo04^'  was 
reduced  by  50%,  associated  with  a  greater  degree  of  surface  depletion  of  Fe  and 
enrichment  of  Cr.  The  Ni  signal  was  no  longer  visible.  Changes  in  the  valence 
states  of  Mo3d,  Fe2p3/2  and  Cr2p  spectra  are  shown  in  Figures  4(b),  5(b),  and 
6(b),  respectively.  Reduction  of  Mo04^’  to  Mo**  took  place  to  a  greater  extent  in 
a  few  top  mono-layers  of  the  SS  surface  (Figure  4[b]).  On  comparing  Figures  2 
and  4(b),  it  was  evident  that  these  Mo3d  spectra  differed  from  those  obtained  from 
the  suspension  droplets  by  formation  of  M0O2  on  the  surface.  Formation  of  MoC)2 
may  have  resulted  from  the  interinfluence  of  the  alloying  elements,  rincf  the 
conversion  of  M0O4**  to  M0O2  usually  takes  place  under  aerobic  conditions.’ 


Consistency  of  the  results  may  be  seen  from  the  TdZpm  spectra  (Figure  5).  The 
amount  of  F^o04  was  reduced  greatly,  showing  Uttle  depth  dependence.  A 
dominant  amount  of  Fe®*  existed  in  the  outer  layer,  with  a  certain  amount  of  FeO 
and  FeOOH.  The  Fe2p3/2  spectra  from  the  sublayer  conasted  of  a  considerable 
amount  of  metaUic  Fe,  Fe’*,  and  oj^ydroxide,  as  well  as  a  snail  quantity  of  Fe^*. 
Finally,  an  increased  proportion  of  chromium  hydroxide  (Cr[OH]3)  appeared  in  the 

Cr2p  spectra,  particularly  in  the  outer  layer,  indicating  increased  surfrice  hydration 
(Figure  6). 

Electrochemical  Aspects 

Potentiodynamic  polarization  was  conducted  in  deaerated  0.1  M  HCl  to 
study  the  influence  of  Mo04^  treatment  and  subsequent  exposure  to  the 
exopolymer  on  the  passivation  performance  of  type  304  SS.  Evidence  of  surface 
modification  by  Mo04^'  was  revealed  by  a  greater  degree  of  anodic  dissolution  and 
a  stable  passivity  at  a  higher  overpotential  (Figure  7).  The  influence  of  exopolymer 
was  not  considerable.  The  potentiodynamic  polarization  result  was  almost  identical 
in  the  exopolymer-exposed  and  the  unexposed  steels.  This  did  not  mean  that  the 
surface  would  remain  intact  once  a  thick  blofilm  developed.  The  interaction  of  the 
cxopolymer  with  M0O4’*  indicated  a  potential  mechanism  for  the  bacterial 
attachment  to  the  Mo-bearing  steel  substrata.  In  an  environment  vdiere  the 


bacteria  exist,  depletion  of  surface  Mo  would  reduce  corrosion  resistance  of  Mo- 
bearing  SS. 

The  influence  of  the  adsorbed  exopolymer  on  the  potentiodynamic  behavior 
of  type  304  SS  in  deaerated  0.  1  M  HCI  is  illustrated  in  Figure  8.  Anodic 
dissolution  was  reduced,  despite  a  lack  of  uniformity  of  the  adsorbed  layer  of  the 
exopolymer.  However,  a  uniformly  adsorbed  layer,  resulting  from  mechanical 
stirring,  led  to  better  surface  stability,  as  indicated  by  the  lower  current  density  in 
the  passive  region. 

CONCLUSIONS 

V  The  protein-containing  exopolymer  of  the  bacterium  D.  marina  had  a  reducing 
effect  on  M0O4* ,  yielding  products  of  Mo**  under  anaerobic  conditions.  The 
reduction  could  be  induced  by  the  S-containing  residual  proteins. 

♦>  This  reduction  also  was  seen  on  the  surface  of  the  Mo04^*  treated  austenitic 
type  304  SS  and  was  associated  with  the  formation  of  M0O2. 

V  Exposure  to  the  exopolymer  resulted  in  the  surface  depletion  of  Fe  and 
enrichment  of  Cr,  rendering  an  increased  hydration  of  Cr.  However,  evidence  did 
not  indicate  that  corrosion  resistance  of  the  SS  was  compromised  by  the 
exopolymer  attachment. 
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TABLE  1 

XPS  Curve-Fitting  Parnnetisrs 


BE  IttPWHM 
_ (»V)  frV) 


Fe 

Fe2pM 

F* 

706.6 

0.900 

F#0 

709.0 

1.100 

FeMoO« 

710.1 

1.200 

FeA 

710.7 

1.200 

Fe{OOHh 

711.6 

IJKX) 

Fe(OOH)a 

71i6 

1200 

Cr 

C(2pM 

Cr 

574.1 

0.700 

CfA 

576.3 

1200 

CKOH), 

577.1 

1.100 

CfO, 

576.3 

0.700 

Cr 

Cf2pw 

Cr 

583.3 

1.000 

CrA 

586.0 

1.300 

CftOH), 

566.8 

1200 

CrO, 

587.5 

0.900 

Mo 

Mo3<t* 

Mo*- 

229.0 

0.800 

Mo** 

230.8 

1.000 

NaAte04 

231.9 

0.800 

F«Mo04 

232.1 

0.600 

MoO, 

232.5 

0.800 

HAto04 

232.7 

0.800 

Mo 

MoSOm 

Mo** 

232J2 

0.900 

Mo** 

234.0 

1.100 

N9iMo04 

235.1 

0.900 

FeMo04 

235.3 

0.900 

MoO, 

232.8 

0.900 

HA4o04 

232.9 

0.900 

01 

Eipontmlitl 

oiopv 

Tail  Mix 
Ratle 

OwwLTail 

Haight 

OAOO 

0.0^ 

0.500 

0.001 

OAOO 

20.0 

a500 

0.001 

OiOO 

20.0  . 

0.500 

0.001 

0.500 

20.0 

0.500 

0.001 

OAOO 

20.0 

0.500 

0.001 

OiOO 

20.0 

0.500  ' 

OiOl 

0.650 

0.050 

OiOO 

0.001 

0.500 

20.0 

0.500 

0.001 

0.500 

20.0 

OiOO 

0.001 

0.500 

20.0 

0.500 

0.001 

0.650 

0.060 

0.500 

0.001 

0.500 

20.0 

0.500 

0.001 

0.500 

20.0 

0.500 

0.001 

0.500 

20.0 

0.500 

0.001 

0.500 

0.110 

OiOO 

0.001 

OiOO 

20.0 

OiOO 

0.001 

0.500 

20.0 

0.500 

0.001 

0.500 

20.0 

0.500 

0.001 

0.500 

20.0 

OiOO 

0.001 

0.500 

20.0 

0.500 

0.001 

0.700 

0.110 

OiOO 

0.001 

0.500 

20.0 

OiOO 

0.001 

OiOO 

20.0 

0.500 

0.001 

0.500 

20.0 

OiOO 

0.001 

OiOO 

20.0 

0.500 

0.001 

OiOO 

20.0 

0.500 

0.001 

Intensity  (arb.  units) 


BE  (eV) 


FIGURE  1.  Composition  of  the  protein-containing  exopolymer  of 
D.  marina  shown  in  XPS  wide  scan. 


FIGURE  2.  M0O4*'  reduction  induced  by  the  deaerated  protein-conUuning 
exopolymer  of  D.  marina  at  takeoff  angle  of  25“:  (a)  deaerated  suspension  vwth 
0.02  M  Mo04^‘  and  (b)  aerate  suspension  with  0.02M  Mo04^'  (C,  c:  Mo**,D,  d; 
M0O3  /  H2Mo04;and  E,  e:  Mo04*'). 


figure  3.  Mo**,  shovvn  in  an  ESR  spectrum  of  the  deaerated  protein-containing 
exopolymer  ofD.  marina  with  0.02  M  Mo04*-  (field  center;  3450.  0  Gauss  [G]; 
scan  width:  1,000  G;  T  =  7r  K;  and  g  =  1 .  969). 
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FIGURE  4.  Influence  of  the  deaerated  protein-containing  exopolymer  of  D. 
marina  on  Mo3d  on  the  surface  of  type  304  SS  (a)  before  exposure  and  (b)  after 
exposure  following  Mo04^*  treatment  at:  (1)  takeoflf  angle  of  20*  and  (2)  takeoflT 
angle  of  50®  (B,  b:  MoOa;  C,  c:  Mo**;  and  E,  e:  Mo04^'). 


f 


FIGURE  5.  Influence  of  the  deaerated  protein-contauning  exopolymer  of  D. 
marina  on  the  Fe2p  on  the  surface  of  type  304  SS  (a)  before  exposure  and  (b)  after 
exposure  following  M0O4**  treatment:  (1)  takeoff  angle  of  20®  and  (2)  takeoff 
angle  of  50®  (A:  elemental  Fe;  B:  ferrous  oxide  [FeO];  C:  ferric  oxide  [Fe2C)3];  D; 
ferric  oxyhydro»de-a  [Fe(OOH)a3;  E:  ferric  ox>4iydroxide-P  [Fe(OOH)p];  and  M: 
ferrous  molybdate  IFeMo04]) 


figure  6.  Influence  of  the  deaerated  protein-containing  exopolymer  of  D. 
marina  on  Cr2p  on  the  surface  of  type  304  SS  (a)  before  exposure  and  (b)  after 
exposure  following  Mo04*'  treatment  at;  (1)  takeoff*  angle  of  20*  and  (2)  takeoff* 
angle  of  50“  (A,  a:  elemental  Cr;  C,  c:  chromic  oxide  [Cr203];  D,  d:  chromic 
hydroxide  [Cr(OH)3];  and  E,  e;  chromium  trioxide  [Cr03]). 


TABLE 2 


Relative  Proportions  of  Alloy  Elements 
on  the  Surface  of  Type  304  SS  After  MoO/-  Treatment 
and  Subsequent  Exposure  to  the  Exopolymer  of  D.  Marina 


Treatment 

Fe 

Eiementa  (at%) 

Cr  Nl 

Mo 

Takeoff 

Angle 

Polished  to  6  pm 

70% 

28% 

2% 

20* 

72% 

25% 

3% 

- 

50* 

M0O4*'  treated 

50% 

35% 

3% 

12% 

20* 

60% 

27% 

2% 

11% 

50* 

Mo04^  treated  and 

46% 

49% 

mm. 

5% 

20“ 

exposed  to  D.  marina 

45% 

50% 

- 

5% 

50* 

TABLE 2 

Relative  Proportions  of  Alloy  Elements  on  the  Surface  of  Type  304  SS  After 
Mo04^*  Treatment  and  Subsequent  Exposure  to  the  Exopolymer  of  D.  Marina. 


nCUKE  7.  Effect  of  Mo04^'  surface  treatment  on  potentiodynamic  polarization 
of  type  304  SS  in  deaerated  0.1  M  HCI  (Eref = Esce). 


FIGURE  8.  Potentiodymanic  polarization  diagrams  of  type  304  SS  in  deaerated 
0.1  M  HCl  afterS-min  immersion  in  the  deaerated  protein-containing  exopolymer 
of  JD.  marina  suspension. 
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Modified  Postgates  Medium  C 


Ingredients 

Content  (g/1) 

KH2PO4 

0.5 

NH4CI 

1.00 

CaCl22H20 

0.06 

MgS047H20 

0.06 

FeS04'7H20 

0.002 

Na2S04 

2.26 

Na-citrate 

0.30 

Yeast  extract 

1.00 

Lactic  acid  (80%) 

3  ml 

Deionized  water  (18.2  MH) 

balance  to  1000  ml 

Table  1 


Habitats  or  Substrates  Where  Lactic  Acid  producing 
Bacteria  Have  Been  Isolated 


Habitat  or  Substrate 

MUk  products 

Sour  milk 
Butter 
Cheese 
Yogurt 

Meat  and  meat  products 

Fresh  Meat 

Bacon 

Sausages 

Fermented  sausages 

Fermenting  vegetables 
Cucumbers 
Olives 
Sauerkraut 
Silage 

Fermented  and  unfermented 
beverages 
Beer  wort  and  beer 
Whisky  distilling  mashes 
Grape  must  and  wines 


Apple  juice  and  ciders 
Sake' 

Orange  juice 

Bread 

Leuconostoc  in  panary  yeast 
Sour  dough 
Pickles  and  sauces 
Tomato  Ketchup 
Mayonnaise 
Picided  beetroot 

Industrial  situations 
Lactic  acid  manufacturer 
Dextran  (blood  plasma  substitute 
manufacture) 

Man  and  animals 
Mouth 

Alimentary  tract 
Vagina 
Blood  Stream 
Lungs 


Table  2 


Subshell 

s 

p 

d 

f 

Correlation  table  of  subshells,  j  valu^ 


Polishing  Procedure 


Step 

1  240  grit  SiC 

2  600  grit  SiC 

3  0000  Emery  paper 

4  6  micron  diamond  paste  on  nylon  pad 

5  6  micron  diamond  paste  on  napped  cloth 

6  1/4  micron  diamond  paste  on  napped  cloth 


The  coupons  were  ultrasonically  cleaned  in  isopropanol  between  each 


Table  4 


XPS  Curve  Fitting  Parameters 


B-  E.  HWHM  Gausian/  Tail 
(eV)  (eV)  Lorentzia  Hight 
n 


Oxidation 
State  Species 


Cr 

Metal 

574.1 

CrOz 

575.2 

Cr** 

Cr203 

576.3 

Cr** 

CrOOH 

577.0 

Cr** 

Cr(OH)3 

577.1 

Cr** 

Cr03 

578.3 

Cr** 

Cr04*- 

579.3 

Cr 

Metal 

583.3 

Cr** 

CrOz 

584.7 

Cr** 

Cr203 

586.0 

Cr** 

CrOOH 

586.7 

Cr** 

Cr(OH)3 

586.8 

Cr** 

Cr03 

587.5 

Cr** 

Cr04*- 

588.5 

Cr2p3/2 


0.7 

0.65 

0.001 

0.85 

0.85 

0.001 

1.2 

0.5 

0.001 

1.1 

0.5 

0.001 

1.1 

0.5 

0.001 

0.7 

0.5 

0.001 

0.7 

0.5 

0.001 

Cr2pia 

1.0 

0.56 

0.001 

1.0 

0.55 

0.001 

1.3 

0.5 

0.001 

1.2 

0.5 

0.001 

1.2 

0.5 

0.001 

0.9 

0.5 

0.001 

0.9 

0.5 

0.001 

Exp. 

Slope 


0.07 

0.07 


0.06 

0.08 


TaU 

Mix 


0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 


0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 


Fe 

Metal 

706.8 

Fe  2p3/2 

0.9 

0.5 

0.001 

0.075 

0.5 

Fe 

FeS2 

707.2 

0.7 

0.65 

0.001 

m 

0,5 

Fe 

Fei-xS 

708.0 

1.2 

0.5 

0.001 

0.5 

Fe^ 

FeO 

709.0 

1.1 

0.5 

0.001 

0  5 

Fe^ 

Fe203 

710.9 

1.3 

0.5 

0.001 

0  5 

Fe 

FeS 

711.8 

1.2 

0.65 

0.001 

- 

0.5 

Ni 

Ik,  1^2+ 

Metal 

852.3 

Ni  Ipia 
0.8 

0.6 

0.001 

0.07 

0.5 

Ni 

vr*2+ 

NiO 

854.5 

0.9 

0.5 

0.001 

«» 

05 

Ni(OH)2 

856.6 

1.3 

0.5 

0.001 

• 

0.5 

Oxidation 

State  Species 

BE. 

(eV) 

HWHM 

(eV) 

Gausian/ 

Lorentzian 

Tail 

Right 

Exp. 

Slope 

Tail 

Mix 

O  O  O 

Oxide 

Off 

H2O 

529.9 

531.4 

532.7 

01s 

I.O 

1.1 

1.1 

0.5 

0.5 

0.5 

0.001 

0.001 

0.001 

- 

0.5 

0.5 

0.5 

C 

c 

c 

Adventitous 

R-CH2-OH 

R-COOH 

284.6 

285.7 
288.0 

Cls 

0.75 

0.75 

0.8 

0.7 

0.7 

0.5 

0.001 

0.001 

0.001 

A 

0.5 

0.5 

0.5 

Al^* 

Al^^ 

Al'" 

AI2O3 

AlOOH 

Al(OH) 

74.3 

75.2 

75.6 

AI2p 

1.0 

1.1 

1.0 

0.6 

0.5 

0.5 

0.001 

0.001 

0.001 

m 

A 

0.5 

0.5 

0.5 

Cu 

Cu'" 

Cu"" 

Metal 

Cu20 

CuO 

932.4 

932.2 

933.2 

Cu2p3/3 

0.70 

0.90 

1.15 

0.8 

0.7 

0.3 

0.001 

0.001 

0.001 

0.10 

0.15 

0.08 

0.5 

0.5 

0.5 

XPS  Curve  Fitting  parameters 

B.E.  is  binding  energy  in  eV. 

HWHM  is  the  Half  Width  at  Half  Maximum  in  eV. 

Table  5 


Acid 

lactic 

4.9 

1.9 

Oxalic 

6.8 

0.7 

1.9 

2.8 

Citric 

3.0 

1.5 

4.0 

6.0 

Deionized 

Water 

0 

1.5 

4.0 

6.0 

Concentrations  of  stainless  steel  type  304  metal  component  elements  (Fe,  Ni  and 
Cr)  found  m  1  mM  organic  acid  solutions  after  5  minute  exposure. 


•  \©L  is  the  Minimum  Detection  Limit  which  is  the  lowest  detectable  limit  of 
the  specific  element  in  ppb  divided  by  the  number  of  milliliters  of  solution. 


Table  6 


UV-Vis  adsorption  peak  positions 


Organic  Acid 

Lactic 

Oxalic 

Citric 

306 

318 

326 

325 

Corresponding 
adsorption  peaks 

421 

358 

in  nanometers 

430 

(nm) 

465 

623 

633 

637 

641 

641 

655 

655 

655 

961 

100  mis  of  IM  concentrations  of  each  of  the  organic  acids  Oactic,  citric  and  oxalic) 
was  added  to  separate  250  ml  Erlenmeyer  flasks.  5  g  of  Fe304 


Table  7 


Number  of  cells  per  milliliter  in  the  innoculated  SRB  media 


304  stainless  steel  "as  polished" 

1.61  X 10®  cells/ml 

304  stainless  steel  "as  heat 
treated" 

2.16  X 10*  cells/ml 

AI6x  stainless  steel  "as  polished" 

1.65x10®  cells/ml 

AI6x  stainless  steel  "as  heat 
treated" 

1.24  X 10®  cells/ml 

AA  2024-T3  "as  polished" 

2.21  X 10®  cells/ml 

JPC 

1.47  X  10®  cells/ml 

Control 

0  cells/ml 

The  control  was  a  solution  sample  randomly  taken  from  uninoculated  Postgate 
media  C  which  contained  an  A16x  stainless  steel  coupon. 


Table  8 


BIOFILM  FORMATION  IN  TUBING 


60  100 


too  800  400  OOP  600  000  1000 


Intensity  (arb.  units) 


Energy  (eV) 


a)XPS  Spectra  b)XANES  Spectra 

Comparison  of  XPS  spectra  and  XANES  spectra  for  Uranium  from  uninoculated 
Clostridia  sp  media  and  from  inoculated  Clostridia  sp  media.’® 


Figure  4 


Intensity  (arb.  units) 


S2p  XPS  Spectra 


172  168  164  162  172  168  164  162 


BE  (eV) 


S2p  Spectra  for  biomass  of  Desulfovibrio  sp.  following  addition  of  Fe 


Ni*^and  Mo‘*  additions.’* 


Generally  Accepted  Sulfate  Reduction  Cycle 


Ci-.  0  \  ®ters  cell 
“4  / — —  ..  *•  so.^-  +  ATP  ; 


outside  cell 


APS  +  PP 
APS  reductase 


tiiiosulfate 

reductase 

— _  SA'- 


SO32-  +  amp 


bisulfide  reductase 


t 


outside  cell 

PP  -  pyrophosphate  AMP  -  adenosine  S’-monophosphate 
ATP  -  adenosine  5*-triphosphate 


Figure  6 


Relative  proportions  of  sulfides  on  304  ss  as  %  of  total  metal  spectra.  Acquired 
performing  ARXPS  at  toa's  of  50®  and  20®. 

Figure 


Energy 


Vacuum 


Schematic  of  photoelectron  excitation  hv  is  the  energy  in  the  inddent  x-ray  and  Ek 
is  the  kinetic  energy  of  the  emitted  ^ectron 

•  The  kinetic  energy  of  the  emitted  electron  (Ek). 

•  The  incident  X-ray  energy  (hv). 

•  The  binding  energy  of  the  emitted  electron  (Eb). 

•  the  work  function  of  the  sample  and  the  spectrometer  (<|>). 


Figure  8 


r 


} 


Typical  1000  eV  range  wide  scan  of  a  stainless  steel  304  coupon.  The  Fe  and  Cr 
comprise  most  of  the  bulk  therefore  they  are  the  largest  steps. 


Figure  9 


Intensity  (arb.  units) 


Binding  Energy  (eV) 


Narrow  or  high  resolution  scan  of  Cr  2p  spectra  illustrating  the  spin  orbital 
splitting  which  is  seen  in  chlorine  and  elements  of  higher  atomic  number. 


Figure  10 


Intensity  (arb.  units) 


Vacuum 


Schematic  diagram  of  process  of  shake-up  sateUite  electron  emission 
•  The  shake  up  energy  is  E„ 


Figure  12 


(a)  Cu  2p3/2  XPS  spectra^^collected  from  CuCl  sample 

(b)  Cu  2p3/2  XPS  spectra^collected  from  CuCl2  sample 


Figure  13 


Relative  chemical  shifts  for  C  Is  XPS  spectra**  for  ethyl  trifloroacetate 


Figure  14 


Analyzer 


i 


1 

L _ 

Dlustration  of  the  effect  of  varying  the  take  off  angle  of  photoelectrons  assumes 
the  analyzer  is  at  the  top  of  the  page. 

•  The  mean  Free  path  of  electrons  through  the  material  (Ji) 

•  The  take  off  angle  (toa)  or  emission  angle  (^) 

Angular  Resolved  X-ray  Photoelectron  Spectroscopy  (ARXPS) 


Figure  15 


Representation  of  metal  surface  during  corrosion.  The  shaded  areas  represent  the 
cathodic  areas  and  the  white  areas  are  the  anodic  areas  of  the  sample  surface. 


Figure  16 


) 


M+" 


Reduction  Reaction  X  +  n’e-  — ►  X*”’ 


This  is  a  schematic  including  the  general  oxidation  and  reduction  reactions  for  an 

actively  corroding  surface. 


Figure  17 


Luggin  Capillary 


Working 


ELECTRODE  POTENTIAL  (  VOLT,  vs 

(-)  ACTIVE  (+) 


Diagram  of  Polarization  half  cell  reactions  and  potential,  current  relations. 


Figure  19 


Electrode  Potential 


Transpassive 


Schematic  of  active-passive  polarization  behavior 


Figure  20 


Electrochemical  Sample  Moimt 


Schematic  of  the  electrochemical  analysis  probe  used  for  all  the  electrochemistry 

in  this  research. 


Figure  22 


Inductively  Coupled  Plasma  Atomic  Emission  Spectroscopy  (ICP-AES). 


FT-IR 


Schematic  of  the  Bright  IR  Synchotron  Light  Scource  and  FT-IRM 

Figure24 


Figure  26 


Stainless  Steel  type  304  coupons 
Icmx  l.S  cmx  1  mm 


Illustration  of  stainless  steel  304  crevice  arrangement  for  exposure  to  sulfate 

reducing  bacteria 


Figure  27 


Potentiodynamic  Polarization  Plots  of  untreated  Stainless  Steel  type  304  and  Stainless  Steel  type  304  after 

exposure  to  lactic  acid  performed  in  0.1  M  HO 


Potentiocyclic  Polarization  Plots  of  untreated  Stainless  Steel  type  304  and  Stainless  Steel  type  304  after  exposure 

to  oxalic  acid  performed  in  0.1  M  HCI 


Potentiocyclic  Polarization  Plots  of  untreated  Stainless  Steel  type  304  and  Stainless  Steel  type  304  after  exposure 

to  citric  acid  performed  in  0.1  M  HQ 


Intensity  (arb.  units) 


Fe  2p3/2  XPS  Spectra 
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Binding  Energy  (eV) 


Binding  Energy  (eV) 


(a)  as  polished  (b)  dtric  acid  exposed 

Fe  2p2/3  XPS  spectra  toa  50°  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  tnM  citric  acid  solution. 

Figure  31 


Intensity  (arb.  units) 
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5956069 
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Fe  XPS  Spectra 


Binding  Energy  (eV)  Binding  Energy  (eV) 

(a)  as  polished  (b)  citric  acid  exposed 

Pfi  2p3a  XPS  spectra  toa  20“  of  austenitic  stainless  steel  type  304  before  anti  after 
exposure  to  1  idM  citric  acid  solution. 

E1gure32 


Intensity  (arb.  units) 


2p3/2XPS  Spectra 


712  710  708  706  704  716  714  712  710  708  706  704 

Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  as  polished  (b)  oxalic  acid  exposed 

Fe  2p2/3  XPS  spectra  toa  50*  of  austenitic  stainless  steel  type  304  before  and  after 


exposure  to  1  mM  oxalic  acid  solution. 
Figure  33 
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Fe  2py2  XPS  Spectra 
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Binding  Energy  (eV) 


716  714  71fi  710  706  706  704 

Binding  Energy  (eV) 


(a)  as  polished  (b)  oxalic  add  eiqiosed 

Fc  2pj/2  XPS  spectra  toa  20"  of  austtaiitic  stainless  sted  type  304  before  and  after 
exposure  to  1  mM  oxalic  acid  solution. 

Figure  34 


Intensity  (arb.  units) 


(a)  as  polished  (b)  lactic  acid  exposed 

Fe  2p23  XPS  spectra  toa  50"  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  tnM  lactic  add  solution. 


Figure  35 
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Fe  29m  XPS  Spectra 
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Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  os  polished  (b)  lactic  acid  exposed 

Fc  2p3/z  XPS  spectra  tea  20°  of  austenitic  stainless  stool  type  304  before  and  after 
exposure  to  1  Mm  lactic  acid  solution. 

Figure  36 


Intensity  (arb.  units)  Intensity  (arb.  units 
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Binding  Energy  (eV) 
(a)  as  polished 


894  590  586  582  578  574  570 

Binding  Energy  (eV) 


(b)  dtric  acid  exposed 

Cr  2p  XPS  spectra  toa  50*  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  citric  add  solution. 


Figure  37 
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604  600  686  682  CTS  574  670 


Binding  Energy  (eV) 
(a)  as  polished 


S94  690  686  582  578  574  670 


Binding  Energy  (eV) 
(b)  Citric  add  exposed 


Cr  2p  XPS  spectra  tea  20*  of  austenitic  staiiikss  steel  type  304  boforo  atid  after 
exposure  to  1  tnM  citric  acid  solution. 

Figure  311 


Binding  Energy  (eV) 
(a)  as  polished 


Binding  Energy  (eV) 

(b)  oxalic  acid  exposed 

Cr  2p  XPS  spectra  toa  50®  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  oxalic  acid  solution. 


Figure  39 
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Binding  Energy  (eV) 
(a)  as  polished 


594  S80  see  see  ere  974  ero 

Binding  Energy  <eV) 

(b)  oxalic  acW  exposed 


Cr  2p  XPS  spoctia  toa  20^  of  austenitk  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  oxalic  acM  solution. 

Figure  40 


Cr  2d  XPS  Spectra 
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Binding  Energy  (eV) 

(a)  as  polished 


Cr203 


Cr(OH)3 


Cr03 

jCr(met)\ 


see  582  S7S  574 
Binding  Energy  (eV) 

(b)  lactic  add  exposed 


Cr  2p  XPS  spectra  toa  50®  of  austenitic  stainless  steel  t^e  304  before  and  after 
exposure  to  1  itiM  lactic  add  solution. 


Figure  41 
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Binding  Energy  (eV) 


(a)  as  polished 


Bnding  Energy  (eV) 


(b)  lactic  acid  exposed 


Cr  2p  XPS  spectra  toa  20^  of  austcnitk:  .stamlass  steel  type  304  before  and  after 
exposure  to  1  niM  lactic  acid  solution. 

E1gure42 
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O  Is  XPS  Spectra 
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Binding  Energy  (eV) 


«  as  polished  (b)citrio  add  exposed 

O  Is  XPS  spectra  toa  50”  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  itiM  citric  acid  solution. 

Figure  43 


Intensity  (arb.  units) 


O  Is  XPS  Spectra 


Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  as  polished  (b)  oxalic  add  e}q)osed 

01s  XPS  spectra  toa  50°  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  oxalic  acid  solution. 

Figure  44 


Intensity  (arb.  units) 


O  Is  XPS  Spectra 


Binding  Energy  (eV) 


(a)  as  polished 


Binding  Energy  (eV) 
(b)  lactic  acid  exposed 


O  Is  XPS  spectra  toa  50"  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  lactic  add  solution. 

Figure  45 


Intensity  (arb.  units) 


Ni  2p3/2  XPS  Spectra 


Binding  Energy  (eV)  Binding  Energy  (eV) 

a)  as  polished  (b)Iactic  acid  exposed 


Ni  2p  M  XPS  spectra  toa  50”of  austenitic  stainless  steel  type  304  before  and  after 


exposure  to  1  mM  lactic  add  solution. 

Figure  46 


Intensity  (arb.  units) 


Ni  2p3/2  XPS  Spectra 


Binding  Energy  (eV)  Binding  Energy  (eV) 

a)  as  polished  (b)oxalic  acid  exposed 

Ni  2p  3/2  XPS  spectra  toa  50®  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  niM  oxalic  acid  solution. 


Figure  47 


Intensity  (arb.  units) 


Ni  2p3/2  XPS  Spectra 


857  855  853  851  849  847  857  855  853  851  849  847 

Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  as  polished  (b)citric  acid  exposed 

Ni  2p  3/2  XPS  spectra  toa  50°  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  citric  acid  solution. 


Figure  48 


Intensity  (arb.  units) 


C  Is  XPS  Spectra 


Binding  Energy  (eV)  Binding  Energy  (eV) 

(a)  as  polished  (b)  lactic  acid  exposed 

C  Is  XPS  spectra  toa  50°  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  lactic  acid  solution. 


Figure  49 
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Binding  Energy  <eV)  Binding  Energy  (ev) 


(ft)  as  polished  (b)lactk:  acid  exposed 

C  la  XPS  spectra  toa  20^  of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  lactic  acid  solution. 

Figure  50 


Intensity  (arb.  units) 


Cls  XPS  Spectra 


Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  as  polished  (b)  oxalic  acid  exposed 

Cls  XPS  spectra  toa  50'of  austeiutic  stainless  steel  type  304  before  and  after 
exposure  to  1  mM  oxalic  add  solution. 

Figure  51 
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C  Is  XPS  Spectra 
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Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  as  polished  (b)  oxalic  acid  exposed 

C  Is  XPS  spectra  toa  20° of  austenitic  stainless  steel  type  304  before  and  after 
exposure  to  I  niM  oxaBc  acid  solution. 

Figure  52 


Intensity  (arb.  units) 


C  Is  XPS  Spectra 


Binding  Energy  (eV) 


(a)  as  polished 


(b)  citric  acid  exposed 


C  Is  XPS  spectra  toa  50“  of  austenitic  stainless  steel  type  304  before  and  after 


exposure  to  1  mM  citric  acid  solution. 


Figure  53 
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.9 


(a)  as  polished  (b)  ciiric  acid  exposed 

C  Is  XPS  spectra  (oa  20^ of  austonitic  stainless  stool  type  304  before  and  after 
exposiuo  to  1  mM  citric  acid  solution. 

Figure  54 


FT-IR  Spectra 


90UBJ 


Intensity  (arb.  units) 


C  Is  XPS  Spectra 


(a)  5  day  0.  IM  citric  add  exposure  in 
dark. 


(b)  5  day  0.  IM  dtric  add  exposure  in 
light. 


C  Is  XPS  spectra  toa  50"  of  austenitic  stainless  steel  type  304  after  exposure  to  0.1 


M  citric  add  for  5  days  in  light  and  dark  environments. 


Figure  56 
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C  Is  XPS  Spectra 
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Binding  Energy  (eV)  Binding  Energy  (eV) 


(a)  5  day  O.IM  dtric  acid  exposure  in  (b)  5  day  O.IM  citric  acid  exposure  in 

light. 

C  Is  XPS  spectra  toa  20"  of  austenitic  stainless  steel  type  304  after  exposure  to  0.1 


M  citric  acid  for  5  days  in  light  and  dark  environments. 


Figure  57 


Intensity  (arb.  units) 


2p3a  XPS  Spectra 


Fe  2p^  XPS  spcctr.  ,0.  SO'of  »s,«dtic  stainless  steel  type  304  .«er  exposure  to 
0. 1 M  citric  add  for  5  days  in  light  and  dark  environments 


Figure  58 


Intensity  (arb.  units) 


Fe  2p3a  XPS  Spectra 


(a)  5  day  O.IM  citric  acid  exposure  in 
dark 


(b)  5  day  0.  IM  citric  acid  exposure  in 
light 


Fe  2p3/2  XPS  spectra  toa  20“  of  austenitic  stainless  steel  type  304  after  exposure  to 
0. 1 M  citric  acid  for  5  days  in  light  and  dark  environments. 


Figure  59 


(a)  5  day  0.  IM  citric  acid  exposure  in  dark 


(b)  5  day  0.  IM  citric  acid  exposure  in  light 


Cr  2p  XPS  spectra  toa  50®  of  austenitic  stainless  steel  type  304  after  exposure  to 
0.1  M  dtric  add  for  5  days  in  light  and  dark  environments. 


Figure  60 


(b)  5  day  0.  IM  citric  acid  exposure  in  light. 


Cr  2p  XPS  spectra  toa  20®  of  austenitic  stainless  steel  type  304  after  exposure  to 
0. 1 M  citric  acid  for  5  days  in  light  and  dark  environments. 


Figure  61 
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2p3/j  XPS  Sp^tra 


(a)  5  day  O.IM  citric  acid  exposure 
dark. 


in 


(b)  5  day  O.IM  citric  acid  exposure 
light. 


in 


Ni  2p3„  XPS  spec..  .0,  50-cf  .ustedtic  s«e»  s.ee,  type  304  after  exp„s.,re  ,o 
0. 1  M  citric  acid  for  5  days  in  light  and  dark  environments. 


Figure  62 
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(a)  5  day  0.  IM  citric  acid  exposure  in  (b)  5  day  0.  IM  citric  acid  exposure  in 
dark.  light. 

Ni  2p3/2  XPS  spectra  toa  20”  of  austenitic  sUunless  steel  type  304  after  exposure  to 

0. 1  M  dtric  acid  for  5  days  in  light  and  dark  environments. 


Figure  63 


Optical  micrograph  lOi  magnification  of  iron  snUidc  noduies  on 
as  heat  treated”  304  stainless  steel  surface 


Figure  64 
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Survey  XPS  spectra  of  *'as  heat  treated'*  stainless  steel  304  after  exposure  to 
desulfovihrio  desuJfuricans  for  5  days  in  Postgate  growth  media  C 


Figure  65 


Fe  2p3/2  XPS  Spectra 


ft  2pM  spectra  from  an  "as  heat  treated"  304  stainless  steel  coupon  after  exposure 

to  SRB's  for  5  days. 


Figure  66 


AA  2042*T3  exposed  to  Desulfovibtio  desulfuricans  and  nninoculated  growth 

media  for  S  days 


Exposed  to  Postgate  media  C  only  Exposed  to  SRB  inoculated  Postgate 

media 


Figure  67 
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Cu  2p3/2  XPS  Spectra 
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Cu  2p3y2  XPS  spectra  of  AA  2024-T3  after  5  day  exposure  to  SRB  inoculated 
media  and  uninoculated  media  toa  50° 
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Mg  2s  XPS  spectra  of  AA  2024-T3  after  5  day  exposure  to  SRB  inoculated  media 

and  uninoculated  media  toa  50** 


Figure  69 
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S  2p  XPS  Spectra 


S  2p  XPS  spectra  of  AA  2024-T3  after  5  day  exposure  to  SRB  inoculated  media 

and  uninoculated  media  toa  50®. 
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A1 2p  XPS  Spectra 
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A1 2p  XPS  spectra  of  AA  2024-T3  after  5  day  »cposure  to  SRB  inoculated 

and  uninoculated  media  toa  50“ 


Figure  71 


Mo3d  spectra 

a)  Following  molybdate  addition  to  solution  of  protein  containing  exopolymer 

b)  Molybdate  adsorbed  onto  304  ss. 

c)  Following  exposure  of  b)  to  protein  containing  exopol)mier 
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Figure  73 


